








MHC-CLASS I RESTRICTED PEPTIDE BASED 





























































&'(% 0/(,&0-01+&0#,% +,/% (:0$0,+&0#,% #-% &'"(+&8% D?% 81+,,0,5% +% "(*("&#0"(% #-% *(*&0/(%
(*0&#*(8%*"(8(,&(/%D?%$+]#"%'08&#1#$*+&0D0:0&?%1#$*:(K%W.36X%$#:(14:(8F%U'482%.36%
$#:(14:(8%*:+?%+%*0C#&+:%"#:(%0,%&'(%0,0&0+&0#,%+,/^#"%$#/4:+&0#,%#-%D#&'%U%+,/%O9%1(::%
(--(1&#"% -4,1&0#,82% +1&0,5% +8% _=0,/#=8`% #-% &'(% 1(::8% *"(8(,&0,5% &'(0"% 0,,("% 1#,/0&0#,F%
U'08%&'(808%-#148(8%#,%&'(%$#:(14:+"%0,&("+1&0#,8%D(&=((,%U%1(::%"(1(*&#"8%WU6a8X2%O9%
1(::% "(1(*&#"8% WO9aX% +,/% .36% 1:+88% 7% $#:(14:(8% W.36L7XF% U'(% *"(8(,&(/% "(84:&8%
/($#,8&"+&(% &'+&% 0&% 08% *#880D:(% &#% (--010(,&:?% $+,0*4:+&(% U% +,/% O9% 1(::% "(8*#,8(8%
&'"#45'%.36L"(8&"01&(/%(*0&#*(8%+,/%+:&("(/%*(*&0/(%:05+,/8%W>HbXF%%
H"0$+"0:?2% #4"% 0,C(8&05+&0#,8% #-% &'(% *#&(,&0+:% 0$*+1&% #-% *#8&L&"+,8:+&0#,+::?%$#/0-0(/%
WHU.X% *(*&0/(8% #,% 0$$4,#84"C(0::+,1(% "(C(+:(/% &'(% -0"8&% 8&"41&4"+:% +,/% D0#1'($01+:%
(C0/(,1(%-#"%'#=%,0&"#&?"#80,+&(/%,(#+,&05(,8%$+?%(,+D:(%C0"+:%(81+*(%-"#$%0$$4,(%
"(1#5,0&0#,2% +8% =(::% +8% D"(+;% 0$$4,(% &#:("+,1(% D?% (0&'("% 0$*+0"0,5% .36^*(*&0/(%
1#$*:(K%W*.36X%8&+D0:0&?%+,/^#"%+:&("0,5%0,&("+1&0#,8%=0&'%&'(%U6a%84"-+1(F%%
.#"(#C("2% 8&"41&4"+:% +:&("+&0#,8% 1+,% 1'+,5(% &'(% D0#1'($08&"?% #-% U6aL*.36%
0,&("+1&0#,82%='01'%$+?%+--(1&% &'(% 0$$4,#5(,010&?%#-%+:&("(/%*(*&0/(% :05+,/8% W>Hb8XF%
G(%/($#,8&"+&(/%&'+&%+%U6a%8*(10-01%-#"%+,%0$$4,#/#$0,+,&%(*0&#*(%$+;(8%48(%#-%+%
/0--("(,&% &'("$#/?,+$01%8&"+&(5?%&#%1"#88L"(+1&%=0&'%+%=(+;%+5#,08&%>Hb% 0,%#"/("% &#%
+/+*&% &#% 8&"41&4"+:% $#/0-01+&0#,8% 0,% &'(% *.36F% U'482% 4,/("8&+,/0,5% &'(% $#:(14:+"%
1#,8&"+0,&8%#-%U6a% 0,&("+1&0#,8%=0&'%.36L"(8&"01&(/%(*0&#*(8%+,/%>Hb8% 08%(88(,&0+:% &#%
/(C(:#*%,#C(:%+**"#+1'(8%&#%$#/4:+&(%U%1(::% "(8*#,8(8%+,/%&#%+1'0(C(%YU%1(::%1"#88L
"(+1&0C0&?Z2%='01'% 08% &'(%$+0,% #D](1&0C(% #-% /(805,0,5%>Hb8% &+"5(&0,5% C0"+:L% +,/% &4$#"%
+88#10+&(/%+,&05(,8F%
>//0&0#,+::?2%=(% '+C(% /($#,8&"+&(/% &'+&% 0&% 08% *#880D:(% &#%$#/4:+&(% U% 1(::% "(8*#,8(8%
&'"#45'%&'(%48(%#-%+,%4,1#,C(,&0#,+:%*(*&0/(%$#/0-01+&0#,%8&"+&(5?%&'+&%8?8&($+&01+::?%
&+"5(&8% (C#:4&0#,+"0:?% 1#,8("C(/% "(80/4(8% #-% &'(% .36% 0,% #"/("% &#% 0$*"#C(% *.36%
8&+D0:0&?% +,/% &'48% 0$$4,#5(,010&?F% 7$*#"&+,&:?2% 0,&"#/41(/% $#/0-01+&0#,8% (--010(,&:?%
0$*"#C(/% &'(% 0$$4,#5(,010&?% #-% +% C0"+:% (81+*(% (*0&#*(% +,/% 0$$4,0[+&0#,%=0&'% &'(%




!0,+::?2% #4"% -0,/0,58% 8455(8&% &'+&2% 0,% 0,&("+1&0#,8% D(&=((,%O9% 1(::8% +,/% ,#"$+:% 1(::82%
.36L7% 08% 0,% $#8&% 1+8(8% (K*"(88(/% 0,% (K1(88% (,84"0,5% 8(:-L&#:("+,1(% +,/% *"(C(,&0,5%
+4&#0$$4,0&?F% .#"(% 0,&("(8&0,5:?2% =(% /($#,8&"+&(/% &'+&% O9% 1(::% +1&0C+&0#,% 1+,% D(%
$#/4:+&(/% &'"#45'% &'(% 48(% #-% .36L7% "(8&"01&(/% *(*&0/(8F% U'08% $+?% '+C(% -4&4"(%
0$*:01+&0#,8% 0,% +&&($*&8% &#% 8(,80&0[(% &'(% 0$$4,(% 8?8&($% +5+0,8&% *"(C0#48:?% 0,("&%
&+"5(&82%='01'%8&+,/8%#4&%+8%+,%0$*#"&+,&%#4&1#$(%0,%&'(%-"+$(%#-%&'08%&'(808F%
LIST OF PUBLICATIONS 





77F % 26-/7"-<;-,'-./2*,-$$/ 0-,)5"('()"/)#/ %"/%$'-0-./;-;'(.-/ $(5%"./ (+/.0(@-"/81/
0-@-0+-./'6-0&).1"%&(,+/
>::("D"0,5% EJc2%=>4>/ ?=c2% I1'&(,'+5(,% 32%.+/'4"+,&+;+$% 62% U#$(;%.J2%












J"#/0,% H2% b+;8'$0;+,&'% U2% .('"% a2% d#'+,88#,% .32% =>4>/ ?=F% >1'#4"% >2%
<+:$#,L)0C#,%.2%9k""(%92%3\5:4,/%H2%d#'+,88#,%<F%
!"#$%&'(2%@ABA%V1&2%RlS%WBAXe%(BTBMRF     %
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U'(% 0$$4,(% 8?8&($% 08% +% 8#*'08&01+&(/% (,8($D:(% #-% D0#:#501+:% 8&"41&4"(8% +,/%
$(1'+,08$8%+0$0,5%&#%*"#&(1&%&'(%'#8&%-"#$%*#&(,&0+:%&'"(+&2%='01'%'+8%(C#:4&0#,+"0:?%
/(C(:#*(/% 0,%#"/("% &#%/08&0,5408'% 8(:-% -"#$%,#,L8(:-% +,/2%4:&0$+&(:?2%$+0,&+0,% 8(K4+:%
1#$*+&0D0:0&?% +,/% 848&+0,% 84"C0C+:F% U'"#45'#4&% (C#:4&0#,2% &'(% 0$$4,(% 8?8&($%
/(C(:#*(/% 8(C("+:% /0--("(,&% 8(,8#"8% +,/% $(1'+,08$8% &#% /(&(1&% +,/% (:0$0,+&(%
0,C+80#,8F%6#$*#,(,&8%#-%&'(%*"0$#"/0+:%0,,+&(%0$$4,(%8?8&($%1+,%D(%&"+1(/%D+1;%&#%
4,01(::4:+"%#"5+,08$8%841'%+8%&'(%+$#(D+(%+8%=(::%+8%&#%$4:&01(::4:+"%#"5+,08$8%841'%
+8% 8*#,5(8% +,/% 0,C("&(D"+&(8F% <(C("+:% 0,,+&(L:0;(% 0$$4,(% 8&"41&4"(8% W0F(F% 81+C(,5("%
"(1(*&#"% 1?8&(0,(L"01'%/#$+0,82% U#::L:0;(% "(1(*&#"82% 1?&#;0,(L:0;(%$#:(14:(8X% +"(%48(/%
&#% "(1#5,0[(% +,/% (:0$0,+&(% *#&(,&0+:% &'"(+&8BLTF% U'(% D+808% #-% &'08% +,1(8&"+:% 0,,+&(%
0$$4,(%8?8&($%'+8%D((,% :+"5(:?%*"(8("C(/%&'"#45'%&'(%(C#:4&0#,+"?%&"+,80&0#,%-"#$%
0,C("&(D"+&(% &#% C("&(D"+&(% +,/%=+8% :+&("% 1#$*:($(,&(/%D?% &'(% /(C(:#*$(,&% #-% &'(%
+/+*&0C(%D"+,1'%#-%0$$4,0&?RF%%
U'(% 0,,+&(% 0$$4,(% 8?8&($%#-% '05'("% C("&(D"+&(8% 1#$*"08(8% ,+&4"+:% ;0::("% WO9X% 1(::82%
$+1"#*'+5(82%,(4&"#*'0:82%/(,/"0&01%1(::8%W)6X2%(*0&'(:0+:%D+""0("8%+,/%&'(%1#$*:($(,&%
8?8&($F% 7,% 1#,&"+8&2% &'(% (1:(1&01% +,&05(,L8*(10-01% +/+*&0C(% 0$$4,(% 8?8&($2% ='01'%
0,1:4/(8% UL% +,/% JL1(::82% 1#4:/% #,:?% D(% &"+1(/% &#% C("&(D"+&(8% W]+=(/% -08'XS2iF%G'(,% #"%
'#=%(K+1&:?%&'(%+/+*&0C(%0$$4,(%8?8&($%(C#:C(/%08%8&0::%:+"5(:?%4,;,#=,F%7&%08%'#=(C("%
D(:0(C(/%&'+&%0&%08%+%1#,8(f4(,1(%#-%+%:#,5%8&(*=08(%+114$4:+&0#,%#-%+:&("+&0#,8%0,%1(::82%




+8% &'(% J% 1(::% "(1(*&#"% WJ6aX% +,/^#"% &'(% $+]#"% '08&#1#$*+&0D0:0&?% 1#$*:(K% W.36XL
"(8&"01&(/%U%1(::%"(1(*&#"%WU6aXF%7$*#"&+,&:?2%&'(8(%"(1#5,0&0#,%8&(*8%(8&+D:08'%8*(10-01%J%
+,/% U% 1(::% $($#"?% &#% &'(% (,1#4,&("(/% *+&'#5(,F% U'(% 1#$*:(K% 1##*("+&0C(%
#"5+,0[+&0#,% #-% &'(% 0$$4,(% 8?8&($% 08% +1'0(C(/% 0,% '05'("% C("&(D"+&(8% &'"#45'% +%
1#$D0,+&0#,%#-%&'(%0,,+&(%+,/%+/+*&0C(%D"+,1'(8F%VC("+::2%&'(%0$$4,(%8?8&($%=#";8%
0,% +% =(::L#"1'(8&"+&(/%$+,,("2% +,/% (C("?%$#:(14:(% +,/% 1(::% &?*(% '+8% (88(,&0+:% +,/%
1#$*:($(,&+"?%"#:(8%0,%&'(%*"#&(1&0#,%#-%&'(%'#8&%-"#$%*#&(,&0+:%&'"(+&8F%%
!#"%(K+$*:(2%U%+,/%O9%1(::8%,((/%&#%1#$$4,01+&(%=0&'%#&'("%1(::8%0,%&'(%#"5+,08$%0,%
#"/("% &#% 1##"/0,+&(% &'(% 0/(,&0-01+&0#,% #-% 8(:-2% ,#,L8(:-% #"% +:&("(/% 8(:-F% )0"(1&%
1#$$4,01+&0#,%D(&=((,%U%1(::8%+,/%+,&05(,%*"(8(,&0,5%1(::8%W>H6X%08%+1'0(C(/%&'"#45'%
&'(% 0,&("+1&0#,8% #-% 8*(10+:0[(/% 1(::% 84"-+1(% "(1(*&#"% $#:(14:(82% 841'% +8% $+]#"%
'08&#1#$*+&0D0:0&?% 1#$*:(K%1:+88% 7% +,/% 77%$#:(14:(8% W.36L7%+,/%.36L772% "(8*(1&0C(:?X2%






+%D+&&("?%#-%+1&0C+&0,5%+,/% 0,'0D0&#"?%"(1(*&#"8% 0,%#"/("% &#%/08&0,5408'%8(:-% -"#$%,#,L
8(:-F% U'(% D+:+,1(% 0,% D(&=((,% 805,+:8% &"+,8$0&&(/% &'"#45'% +1&0C+&0,5% +,/% 0,'0D0&#"?%




+,/% (:0$0,+&0#,% #-% 0,-(1&(/% +,/^#"% +:&("(/% 1(::8% 8'#4:/% D(% C("?% "+*0/% +,/% &05'&:?%
1#,&"#::(/% 8#% &'+&% 0,-(1&(/%#"% 1+,1("#48% 1(::8% /#%,#&% (C+/(%/(&(1&0#,2%='0:(%'(+:&'?%
1(::8% +"(% ,#&% (:0$0,+&(/F% U'(% 805,0-01+,1(% #-% .36% +,/% &'(% 48(% #-% .36L7L"(8&"01&(/%
*(*&0/(8%0,%&'(%"(54:+&0#,%#-%U%+,/%O9%1(::%(--(1&#"%-4,1&0#,8%08%&'(%$+0,%-#148%#-%$?%
8&4/0(82%='01'%=0::%D(%/(81"0D(/%+,/%/081488(/%0,%/(&+0:%:+&("%0,%&'08%&'(808F%
1.1 MAJOR HISTOCOMPATIBILITY COMPLEX (MHC) 
.36%5(,(8%+"(%:#1+&(/%#,%1'"#$#8#$(8%i%+,/%BM2%0,%'4$+,%+,/%$#48(2%"(8*(1&0C(:?F%
U'(% .36% :#148% 08% *#:?5(,012% (,1#/0,5% &'(% .36L7% 5(,(82% '4$+,% :(4;#1?&(% +,&05(,%
W3b>XL>2%LJ%+,/%L62%+8%=(::%+8%&'(%.36L77%5(,(82%3b>L)H2%)n2%+,/%)a%0,%'4$+,8F%U'(%
1#""(8*#,/0,5%.36L7%5(,(8%0,%&'(%$#48(%+"(%W3L@X%92%Lb2%L)2%+,/%&'(%.36L77%7L>%+,/%7LEF%
7,% +//0&0#,% &#% &'(8(% 8#L1+::(/% 1:+8801+:% .36%$#:(14:(82% 8(C("+:% *"#&(0,8% 0,C#:C(/% 0,%
+,&05(,%*"#1(880,5%+,/%*"(8(,&+&0#,2%0,1:4/0,5%&'(%&"+,8*#"&("%+88#10+&(/%=0&'%+,&05(,%
*"#1(880,5% WU>HX2% ,#,L1:+8801+:%.36% 5(,(82% 8(C("+:% 1#$*#,(,&8% #-% &'(% 1#$*:($(,&%
8?8&($%+,/% 1("&+0,% 1?&#;0,(8% W841'%+8%UO!X% +"(%+:8#%(,1#/(/% 0,% &'(%.36% :#148F% U'(%
.36%5(,(8%+"(%'05':?%*#:?$#"*'01%+,/%$#8&%#-%&'(%*#:?$#"*'08$8%+"(%:#1+&(/%0,%&'(%
*(*&0/(LD0,/0,5%1:(-&%#-%&'(%.36%$#:(14:(8F%!#"%(K+$*:(2%0,%@AAT%$#"(%&'+,%@AA2%SAA%




U% 1(::% "(8*#,8(8% +5+0,8&% +% =0/(% +""+?% #-% +,&05(,8% 80,1(% (+1'% 0,/0C0/4+:% 1+""0(8% &=#%
+::(:(8%#-%(+1'%.36%5(,(%W#,(%*+&(",+:%+,/%#,(%$+&(",+:XF%
1.2 T LYMPHOCYTES 
U%:?$*'#1?&(8%WU%1(::8X%+"(%+%1"410+:%*+"&%#-%&'(%+/+*&0C(%0$$4,0&?F%U'(%1(,&"+:%"#:(%#-%U%
1(::8% 08% /4(% &#% &'(0"% +D0:0&?% &#% "(1#5,0[(% +% C("?% :+"5(% ,4$D("% #-% +,&05(,8% &'+&% +"(%
*"(8(,&(/% 0,% 1#$*:(K%=0&'%.36%$#:(14:(8%#,% &'(% 84"-+1(%#-%>H68BAF% a(1#5,0&0#,%#-%
.36L7% #"% .36L77L"(8&"01&(/% +,&05(,01% *(*&0/(8% 08% "(f40"(/% -#"% &'(% 5(,("+&0#,% +,/%
$+0,&(,+,1(% #-% &'(% U% 1(::% "(*("&#0"(% +8% =(::% +8% &#% $#4,&% +% 1##"/0,+&(/% 0$$4,(%
"(8*#,8(F% U% 1(::8% 81+,% &'(% .36^*(*&0/(% W*.36X% *#*4:+&0#,% /08*:+?(/% #,% &'(% 1(::%
84"-+1(% #-% >H68% &'"#45'% &'(0"% (K&"($(:?% /0C("8(% U6a8% &'+&% -#"$% +% $4:&0L84D4,0&%







+,/% 5(,(% (K*"(880#,% *+&'=+?8% "(84:&0,5% 0,% U% 1(::% +1&0C+&0#,% +,/% &'(% 0,0&0+&0#,% #-%
(--(1&#"% -4,1&0#,8% 841'% +8% U6a% /#=,"(54:+&0#,2% 1?&#;0,(% 8(1"(&0#,2% *"#:0-("+&0#,2%
1?&#&#K010&?2% *'(,#&?*01% /0--("(,&0+&0#,2% 0,0&0+&0#,% #-% J% 1(::% '(:*% +,/^#"% +*#*&#808F%






%U% 1(::8% 1+,% D(% 1:+880-0(/% 0,&#% 8(C("+:% /0--("(,&% 84D5"#4*8% +11#"/0,5% &#% &'(0"% U6a%
1#$*#80&0#,2%.36%8*(10-010&?%+,/%(--(1&#"%-4,1&0#,8F%.+]#"%U%1(::%84D5"#4*8%1#$*"08(%
&'(% 1?&#&#K01% U% :?$*'#1?&(8% W6Ub8X2% U% '(:*("% 1(::82% "(54:+&#"?% U% 1(::8% WU"(58X2%O+&4"+:%
90::("LU% WO9UX% 1(::8% +,/% #$% U% 1(::8F% U'(% /0--("(,&% U% 1(::% :0,(+5(8% #114"% /4"0,5% U% 1(::%
/0--("(,&0+&0#,2%/(C(:#*$(,&%+,/%&'?$01%(/41+&0#,F%
1.2.1 T cell development 
U% 1(::8% *"0$+"0:?% #"050,+&(% -"#$%'($+&#*#0(&01% 8&($%1(::8% 0,% &'(%D#,(%$+""#=F% U% 1(::%
*"#5(,0&#"8% /0--("(,&0+&(% 0,% &'(% &'?$48% +,/% 5#% &'"#45'% 8(C("+:% 8(:(1&0#,% *"#1(88(8%
D(-#"(% D(1#$0,5% $+&4"(% U% 1(::8F% U% 1(::8% $48&% -0"8&% *"#/41(% +% U6a% D?% 8#$+&01%
"(1#$D0,+&0#,%#-% &'(% C+"0+D:(% WjX2% /0C("80&?% W)X2% +,/% ]#0,0,5% WdX% 8(5$(,&8%#-% &'(%U1"D%
:#148%+,/%j%+,/%d%8(5$(,&8%#-%&'(%U1"+%:#148F%>11#"/0,5%&#%&'(%&?*(%#-%U6a%(K*"(88(/2%U%










*#80&0C(% W<HX% &'?$#1?&(8F% U'?$#1?&(8% "(+1&0,5%=0&'% 8(:-L.36L7% +"(% /0"(1&(/% &#=+"/8%




O(5+&0C(% 8(:(1&0#,% 08% &'(% -#::#=0,5% 8&(*% #-% &'?$01% (/41+&0#,2% ='01'% #114"8% 0,% &'(%





U'(% $+]#"0&?% #-% )H% &'?$#1?&(8% WPQtX% +"(% (:0$0,+&(/% /4"0,5% *#80&0C(% +,/% ,(5+&0C(%
8(:(1&0#,% +,/% &'(% 1(::8% &'+&% 8411(88-4::?% *+88% &'(8(% &=#% 8(:(1&0#,% 8&+5(8% D(1#$(%
$+&4"(% ,+sC(% U% 1(::8F% U'(% :+&&("% +"(% "(:(+8(/% &#% &'(% *("0*'("?% =0&'% ($D(//(/%
*"#*("&0(8%#-%:#=%8(:-L%+,/%*#&(,&0+::?%'05'%-#"(05,L+,&05(,%"(+1&0C0&?2%&'48%(8&+D:08'0,5%
80$4:&+,(#48:?%1(,&"+:%&#:("+,1(%+,/%*"#&(1&0#,%-"#$%*+&'#5(,8%+,/%&4$#"8F%%












U% 1(::% +1&0C+&0#,% -#::#=(/% D?% 1:#,+:% (K*+,80#,% +,/% +1f4080&0#,% #-% (--(1&#"% -4,1&0#,8%
8&+"&8%='(,%+%U6a%(,1#4,&("8%+%1#5,+&(%*(*&0/(%0,%1#$*:(K%=0&'%8(:-L.36%*"(8(,&(/%
D?% >H68F% 6#$*:(&(% +1&0C+&0#,% #-% U% 1(::8% /(*(,/8% #,% +&% :(+8&% &=#% 805,+:8F% <05,+:% B% 08%
/("0C(/% -"#$% &'(% 0,&("+1&0#,% D(&=((,% &'(% *.36^U6a% 1#$*:(K2% ='01'% 08% &'(%
*"("(f4080&(%-#"%U%1(::%&"055("0,5%+,/%-#::#=0,5%/#=,8&"(+$%(C(,&8F%<05,+:%@%08%*"#C0/(/%
D?% 0,&("+1&0#,8% =0&'% 1#L8&0$4:+&#"?% $#:(14:(8% +,/% +$*:0-0(8% &'(% 805,+:0,5% (C(,&8%
"(84:&0,5% 0,% (88(,&0+:% 5(,(% &"+,81"0*&0#,% +,/% 4:&0$+&(:?2% U% 1(::% +1&0C+&0#,F% <05,+:% T/ 08%
$(/0+&(/% D?% 1?&#;0,(8% *"#/41(/% D?% >H68% +,/% /"0C(8% 6)Rm% +,/% 6)Qm% U% 1(::%
/0--("(,&0+&0#,%0,&#%(--(1&#"%1(::8F%%
E,5+5($(,&% #-% &'(% *.36^U6a% 1#$*:(K% :(+/8% &#% *'#8*'#"?:+&0#,% #-% 0&8% 1?&#*:+8$01%
7U>.8%D?%&'(%&?"#80,(%;0,+8(%b192%+::#=0,5%"(1"40&$(,&%#-%&'(%<?;%-+$0:?%;0,+8(%u>HLMA2%
='01'%*'#8*'#"?:+&(8%+%,4$D("%#-%/#=,8&"(+$%84D8&"+&(8F% 7,%+//0&0#,2%+%,4$D("%#-%
+11(88#"?% $#:(14:(82% 0,1:4/0,5% &'(% 1#L"(1(*&#"8% 6)R% #"% 6)Q2% &'(% 1#L8&0$4:+&#"?%
$#:(14:(% 6)@Q% +,/% &'(% +/'(80#,% $#:(14:(8% 6)@% +,/% b!>LB2% +"(% (,5+5(/% D?% &'(0"%
8*(10-01% :05+,/8% /4"0,5% +,&05(,% "(1#5,0&0#,% WK(570-/ O?XF% >//0&0#,+:% 805,+:0,5% D?% &'(8(%
"(1(*&#"8%1+,%$#/4:+&(%U6a%805,+:82% "(84:&0,5% 0,%+% -0,(:?%1+:0D"+&(/%D0#1'($01+:% "(:+?%













U'(% *.36^U6a% 0,&("+1&0#,% +,/% &'(% -#::#=0,5% 1#L8&0$4:+&#"?% 805,+:0,52% &"055("% ;(?%
(C(,&8% -#"% U% 1(::% +1&0C+&0#,2% 0,/410,5% +% 1'+,5(% 0,% 1(::% $($D"+,(% &#*#:#5?% +,/% &'(%
"(+""+,5($(,&%#-%1(::%84"-+1(%$#:(14:(82%+88($D:0,5%0,&#%+%4,0f4(%$#:(14:+"%8&"41&4"(%
+&% &'(% U% 1(::L>H6% 1#,&+1&% 0,&("-+1(% &("$(/% &'(% 0$$4,#:#501+:% 8?,+*8(% W7<XB@2BTF% U'(%
-#"$+&0#,%#-% 7<%*"#$#&(8% 8&+D0:0&?%#-% &'(% 0,&("1(::4:+"% 1#,&+1&% +,/%+::#=8% -#"% +%$#"(%
#"1'(8&"+&(/% U% 1(::% 805,+:0,5% &'+&% "(84:&8% 0,% #*&0$+:% +1&0C+&0#,% +,/% (--(1&#"%
-4,1&0#,8B@2BTF%%
7<%1#,808&8%#-%&=#%1#,1(,&"01%"0,58%#-%$#:(14:(82%;,#=,%+8%&'(%1(,&"+:%84*"+$#:(14:+"%







+,/% 805,+:0,5%$#:(14:(8% +"(% *"(8(,&% 0,% &'(% 1<.>62% +,/% 80,1(% 0&8% -#"$+&0#,% 8&"#,5:?%
1#""(:+&(8% =0&'% &'(% (--010(,1?% #-% U% 1(::% 8&0$4:+&0#,2% &'08% 84*"+$#:(14:+"% /#$+0,%=+8%
0,0&0+::?% &'#45'&% &#%$(/0+&(% U% 1(::% +1&0C+&0#,B@2BTF% 3#=(C("2% "(1(,&% 8&4/0(8% 8455(8&(/%
+//0&0#,+:% +:&(",+&0C(% "#:(8% -#"% 1<.>6% 841'% +8% &"+**0,5% &'(% &+"5(&% *.36% +,/%
(,'+,10,5%8("0+:%(,5+5($(,&%#-%U6a82%+::#=0,5%&("$0,+&0#,%#-%U6a%805,+:82%+8%=(::%+8%
/#=,"(54:+&0#,2% +D8#"*&0#,% +,/% /(5"+/+&0#,% #-% U6a^*.36% 1#$*:(K(8F% U'08% *#880D:?%
:(+/8%&#%Y'#$#&?*01%U%1(::LU%1(::%0,&("+1&0#,8Z%+,/%0,/41(8%1"#88%;0::0,5%&#%:0$0&%&'(%80[(%
#-% 1:#,+:% (K*+,80#,% #"% &#% -+10:0&+&(% /0"(1&0#,+:% 6)Rm% U% 1(::% '(:*% "(f40"(/% -#"% #*&0$+:%
6)Qm%U%1(::%+1&0C+&0#,BRF%!0,+::?2%0,&(5"0,L"01'%#4&("%"0,5%#-%&'(%7<%W*<.>6X%1+,%8("C(%+8%+%
8(+:0,5% "0,5% &#% *"(C(,&% &'(% /0--480#,% #-% *("-#"0,8% +,/% 5"+,[?$(82% ='01'% 1+,% D(%
0$*#"&+,&%-#"%6Ub%+1&0C0&?%0,%&'(%-"+$(%#-%-#148(/%&+"5(&%1(::%;0::0,5B@2BTF%
7,% "(8&0,5%,+sC(%U% 1(::82% &'(%U6a%1#$*:(K2% &'(%+1&0C+&0,5%+,/% &'(% 0,'0D0&#"?% "(1(*&#"8%
5"#4*% 0,%$($D"+,(% 8&"41&4"(8% 1+::(/% ,+,#1:48&("8BSF% 7,0&0+:% U% 1(::% 805,+:0,5% 8&+"&8% +&%
&'(8(% *"(L(K08&0,5% ,+,#1:48&("8% 4*#,% +,&05(,% "(1#5,0&0#,% +,/% 0,/41(8% -#"$+&0#,% #-%
$01"#1:48&("8%v% +:8#% 1+::(/%*"#&(0,% 08:+,/8% L%='("(%@A%#"%$#"(%U6a% 1#$*:(K(8% 1#$(%




U6a%$01"#1:48&("8F% U'08% &=#L1#,1(,&"01% "0,5% 8'+*(/% 8&"41&4"(% 08% ,#&% #D8("C(/% /4"0,5%
0,&("+1&0#,8% D(&=((,% )68% +,/% U% 1(::82% +8% )68% +"(% (K1(::(,&% >H68% =0&'% &'(% +D0:0&?% &#%
0,/41(%8&"#,5%U%1(::%+1&0C+&0#,F%7,8&(+/2%U%1(::8%+,/%)68%(8&+D:08'%$4:&0-#1+:%7<8%='("(%
U6a8% 1:48&("% +&%$4:&0*:(% 80&(8% +&% &'(%U% 1(::L)6% 0,&("-+1(B@2BTF% U'(% 1:48&("0,5%#-% 8(C("+:%
U6a8% #,% &'(% 1(::% 84"-+1(% 1+,% +:8#% *"#C0/(% +,% +//0&0#,+:% (K*:+,+&0#,% -#"%$+]#"% U% 1(::%
&"055("0,5%'?*#&'(8(82%841'%+8%;0,(&01L*"##-%"(+/0,5BP%+,/%8("0+:%&"055("0,5@AF%%
1.3 NATURAL KILLER (NK) CELLS 
O+&4"+:%90::("%WO9X%1(::8%+"(%$($D("8%#-%&'(%0,,+&(%0$$4,(%8?8&($%=0&'%&'(%+D0:0&?%&#%
;0::% C0"48L0,-(1&(/% 1(::8% +,/% &4$#"% 1(::8% 0,% &'(% +D8(,1(% #-% *"0#"% 8&0$4:+&0#,% #"%




O9% 1(::8% 0,&("+1&% =0&'% &'(0"% *#&(,&0+:% &+"5(&% 1(::8% &'"#45'% C+"0#48% &"+,8$($D"+,(%
0,'0D0&#"?% +,/% +1&0C+&0,5% "(1(*&#"8F% U'(% D+:+,1(% D(&=((,% &'(8(% 0,'0D0&#"?% +,/%
+1&0C+&0,5%805,+:8%/(-0,(8%&'(%+1&0#,%#-%&'(%O9%1(::8@M2@QF%)(8*0&(%8&"41&4"+:%/0--("(,1(8%
D(&=((,% &'(% 0,'0D0&#"?% +,/% +1&0C+&0,5% "(1(*&#"82% 805,+:0,5% *+&'=+?8% 8(($% :+"5(:?%












G'0:(% $+]#"% +1&0C+&0,5% "(1(*&#"8% 1#$*"08(% &'(% ,+&4"+:% 1?&#&#K010&?% "(1(*&#"82% O6a8%
WO9*TA2% O9*RR% +,/% O9*RiXTTLTi% +,/% O9% 5"#4*% @)% WO9g@)XTM2% &'(% $+]#"% 0,'0D0&#"?%
"(1(*&#"8%0,1:4/(%O9g@>2%&'(%0,'0D0&#"?%;0::("%1(::%0$$4,#5:#D4:0,L:0;(%"(1(*&#"8%W97a8X%
0,% '4$+,% +,/% &'(% '05':?% *#:?$#"*'01% 6L&?*(% :(1&0,L:0;(% b?RP% -+$0:?% #-% "(1(*&#"8% 0,%
$01(@P%F%
7,'0D0&#"?% "(1(*&#"8% &05'&:?% 1#,&"#:% O9% 1(::% +1&0C0&?% D?% ,(5+&0C(:?% "(54:+&0,5% O9% 1(::%
+1&0C+&0#,% +5+0,8&% '(+:&'?% 1(::8% (K*"(880,5% ,#"$+:% +$#4,&8% #-% 8(:-% .36L7% #,% &'(0"%
84"-+1(F% U'08% 08% *#880D:(% &'"#45'% &'(% +1&0#,% #-% 97a8% +,/% b?RP% "(1(*&#"82% ='01'% +"(%
$+0,:?% 8*(10-01% -#"% .36L72% (,+D:0,5% "(1#5,0&0#,% #-% &+"5(&% 1(::8% =0&'% /#=,L"(54:+&(/%
84"-+1(%.36L7%(K*"(880#,TQLRA2%+%*'(,#$(,#,%"(-(""(/%&#%+8%Y$0880,5L8(:-ZRB%WK(570-/LXF%
>%1#$$#,%1'+"+1&("08&01%#-%.36L7L8*(10-01%0,'0D0&#"?%"(1(*&#"8%08%&'(%*"(8(,1(%#-%7U7.8%
0,% &'(0"% 1?&#*:+8$01% &+0:2%='01'%(,+D:(8% &'($% &#% "(1"40&% +,/%+1&0C+&(% <3HB%+,/%<3H@%




$4:&0*:(% "(1(*&#"82%='01'% +"(% 8*(10-01% -#"% #,(% #"% +% -(=%.36L7% +::(:(82% +::#=0,5% -#"% +%
=0/(%+,/%1#$*:(K%"(*("&#0"(%#-%O9%1(::8%&'+&%08%+D:(%&#%"(8*#,/%&#%&'(%:#88%#-%+%80,5:(%
.36% +::(:(RRLRMF% U+;(,% &#5(&'("2% &'08% 0,-#"$+&0#,% '05':05'&8% &'(% 0$*#"&+,1(% #-% .36%
$#:(14:(8%+8%+%-4,/+$(,&+:%"(54:+&#"%#-%O9%1(::%D0#:#5?F%%>//0&0#,+::?2%O9%1(::8%4,/("5#%






7,8&(+/2% O9% 1(::% +1&0C+&0#,% 08% $+0,&+0,(/% &'"#45'% +% 1#$*:(K% ,(&=#";% #-% C+"0#48%
+1&0C+&0,5%"(1(*&#"8TAF%I*#,%"(1#5,0&0#,%#-%:05+,/8%#,%&'(%84"-+1(%#-%&+"5(&%1(::8%D?%O9%
+1&0C+&0,5% "(1(*&#"82% C+"0#48% 0,&"+1(::4:+"% 805,+:0,5% *+&'=+?8% /"0C(% O9% 1(::8% &#=+"/8%
1?&#&#K01%+1&0#,2%4:&0$+&(:?%"(84:&0,5%0,%&+"5(&%1(::%;0::0,5RQF%U'(%+1&0C+&0,5%"(1(*&#"8%+"(%
+88#10+&(/% =0&'% 7U>.LD(+"0,5% 805,+:0,5% +/+*&#"8% 0,% &'(0"% 1?&#*:+8$01% &+0:8% 841'% +8%
6)TrRP%#"%)>HB@SA2%='01'% -4"&'("%'05':05'&8% &'(%1#$$#,%1'+"+1&("08&018%#-%O9%+,/%U%




0&8% 7U>.% "(50#,F% 7,&("(8&0,5:?2% 0&% '+8% +:8#% D((,% /($#,8&"+&(/% &'+&% U% 1(::8% W='01'%
5(,("+::?% :+1;% )>HB@X2% 5(,(L(,50,(("(/% =0&'% )>HB@2% /08*:+?% O9L:0;(% (--(1&#"%
-4,1&0#,8S@2%8455(8&0,5%&'(%805,0-01+,1(%#-%)>HB@%0,%D#&'%O9%+,/%U%1(::%805,+:0,5F%%
7,%84$$+"?2%O9%1(::%+1&0C+&0#,%$+?%#114"%/(*(,/0,5%#,%&'(%,(&%"(84:&%#-%+1&0C+&0,5%+,/%
0,'0D0&#"?% 805,+:0,5% &"055("(/% D?% 1(::% 84"-+1(% "(1(*&#"8F% U'(% D+:+,1(% D(&=((,% &'(8(%
805,+:8%/(10/(8%&'(%-+&(%#-%&'(%0,&("+1&0#,8%D(&=((,%O9%1(::8%+,/%&'(0"%&+"5(&8F%d48&%+8%
/#=,"(54:+&0#,% #-% .36L7% 1+,% /0$0,08'% &'(% 0,'0D0&#"?% 805,+:0,52% 0&% '+8% +:8#% D((,%
/($#,8&"+&(/%&'+&2%(C(,%0,%&'(%*"(8(,1(%#-%,#"$+:%.36L7%:(C(:8%#,%&'(%&+"5(&%1(::82%O9%
1(::8%1+,%8&0::%D(%&"055("(/%0-%+%'05'("%+$#4,&%#-%+1&0C+&0,5%805,+:%08%+1'0(C(/%+8%+%"(84:&%
#-% 8&"(88L0,/41(/% 4*"(54:+&0#,% #-% +1&0C+&0,5% :05+,/82% +% *'(,#$(,#,% "(-(""(/% &#% +8%
Y0,/41(/L8(:-%"(1#5,0&0#,ZSTLSSF%%
1.3.1 NK cell development 
O9% 1(::8% /(C(:#*% *"0$+"0:?% 0,% &'(% D#,(% $+""#=F% I,:0;(% U% 1(::82% O9% 1(::8% /#% ,#&% 5#%
&'"#45'%*#80&0C(%+,/%,(5+&0C(%8(:(1&0#,%0,%&'(%&'?$48%+,/%(K08&%0,%,#"$+:%,4$D("8%0,%
+&'?$01%,4/(%$01(SiLSQF%3#=(C("2% 0&% 08%+:8#%*#880D:(% &'+&% 8#$(%O9%1(::8% 1+,%#"050,+&(%
-"#$%&'(%&'?$48SP2%:0C("iA%+,/%:?$*'%,#/(8iBF%
)4"0,5% /(C(:#*$(,&% O9% 1(::8% 5#% &'"#45'% 8(C("+:% 8&+5(8% #-% /0--("(,&0+&0#,% &'+&% '+C(%
D((,%/(-0,(/%D+8(/%#,%&'(%8(f4(,&0+:%+1f4080&0#,%#-%8*(10-01%$+";("8F%U'(%:+8&%8&+5(8%#-%
O9% 1(::% /(C(:#*$(,&% 0,1:4/(% +1f4080&0#,% #-% -4,1&0#,+:% 1+*+D0:0&0(82% 841'% +8% 1?&#;0,(%
8(1"(&0#,% +,/% 1?&#&#K010&?i@F% I,:0;(% J% +,/% U% 1(::82% 0,/0C0/4+:% O9% 1(::8% :+1;% +,&05(,L
8*(10-01% "(1(*&#"8F% !4"&'("$#"(2% O9% "(1(*&#"8% /#% ,#&% 5#% &'"#45'% "(1#$D0,+&0#,%
+1&0C+&0#,% 5(,(% Wa>gXL/(*(,/(,&% "(+""+,5($(,&82% +:&'#45'% /4"0,5% O9% 1(::%
/(C(:#*$(,&% :#=%-"(f4(,1?%#-%jW)Xd% "(1#$D0,+&0#,%+,/%&"+,80(,&%(K*"(880#,%#-%a>g%
'+C(% D((,% #D8("C(/iTLiMF% I*#,% :(+C0,5% &'(% D#,(%$+""#=% O9% 1(::8% 1+,% "(80/(% 0,% &'(%
D:##/2%8*:((,2%:0C("2%:4,5%+,/%C+"0#48%#&'("%#"5+,8iQ2%='("(%&'(?%8&+,/%"(+/?%&#%"+*0/:?%





1.3.2 NK cell triggering 
<0$0:+":?% &#% U% 1(::82% -4,1&0#,+:% +1&0C+&0#,% #-% O9% 1(::8% "(f40"(8% +% ,4$D("% #-% +1&0C+&0,5%
8&0$4:0% -#"% (--010(,&% (--(1&#"% -4,1&0#,8F% E,5+5($(,&% #-% +% 80,5:(% #"% 8(C("+:% +1&0C+&0,5%
"(1(*&#"8% W<05,+:% BX% 1+,% *"#$#&(% O9% 1(::% +1&0C+&0#,% +,/% 1:#,+:% *"#:0-("+&0#,F% V,% &'(%
#&'("% '+,/% 6)@Q2%='01'% *:+?8% +,% (88(,&0+:% "#:(% 0,% U% 1(::% 1#L8&0$4:+&0#,% W<05,+:% @X2% 08%
(K*"(88(/%+&% :#=("% :(C(:8% 0,%O9%1(::8%1#$*+"(/%&#%,+0C(%U%1(::8F%G'0:(%8&0$4:+&0#,%#-%
6)@Q% 0,% O9% 1(::8% 08% ,#&% "(f40"(/% -#"% 1?&#&#K010&?2% 0&% 8(($8% &#% D(% 1(,&"+:% -#"% #*&0$+:%
1?&#;0,(% 8(1"(&0#,% +,/% *"#:0-("+&0#,M@F%V&'("% 80$0:+"0&0(8% D(&=((,% &'(% &"055("0,5% #-% U%
+,/% O9% 1(::8% 1#$*"08(% &'(% 48(% #-% *"#L0,-:+$$+&#"?% 1?&#;0,(8% 7bLB@% +,/% &?*(L7% 7!O8%
*"#C0/(/%D?%)68%4*#,%8(,80,5%C0"+:%0,-(1&0#,%W<05,+:%TXMTLMiF%7&%8'#4:/%+:8#%D(%,#&(/%&'+&%
(C(,% 0,% &'(% +D8(,1(%#-% 805,+:8% B% +,/% @2% 805,+:% T% +:#,(% 1#4:/% *"#$#&(% +,% 0,,+&(L:0;(%
+D0:0&?%0,%$($#"?%6Ub8%&#%*"#/41(%7!O!%+,/%*"#:0-("+&(MM2MQF%%
7,% 1#,1:480#,2% &'(%$(1'+,08$8%#-% 0,&(5"+&0,5% +1&0C+&0#,2% 1#L8&0$4:+&0#,% +,/% 1?&#;0,(%
805,+:0,5%8(($%&#%D(%1#$$#,%&#%D#&'%O9%+,/%U%1(::8F%%%




"(84:&8% 0,% +% D0+8% #-% &'(% U6a% &#=+"/8% .36F% O#,L8(:-% +,/% 8(:-L*(*&0/(% +,&05(,8% +"(%
1#,&0,4#48:?%/08*:+?(/%#,%.36%&#%!" U%1(::8%+1&0,5%+8%+%=0,/#=%&'+&%(K'0D0&8%&'(%0,,("%
8&+&48%#-%&'(%1(::F%7,%#&'("%=#"/82%.36%$#:(14:(8%-#"$%+%*:+&-#"$%-#"%&'(%/#1;0,5%+,/%





(C#:4&0#,+"0:?% 1#,8("C(/% "(80/4(8% :#1+:0[(/% #,% &'(% 1#$*:($(,&+"0&?% /(&("$0,0,5%
"(50#,82% 6)aB% +,/% 6)a@2% &#% 0,&("+1&% +,/% "(1#5,0[(%.36%$#:(14:(8MP2QAF% )(8*0&(% &'(%
($("5(,1(%#-%"(1(,&%1'+::(,50,5%-0,/0,58QBFQ@2QT2%0&%08%5(,("+::?%1#,80/("(/%&'+&%!" U6a8%








&'"#45'% .36% +,/% U6aF% U'482% 0,% #"/("% &#% +1f40"(% +% D(&&("% 4,/("8&+,/0,5% #-% &'(%




C+110,+&0#,% 8&"+&(50(82% 0&% 08% (88(,&0+:% &#% (,'+,1(% #4"% 4,/("8&+,/0,5% #-% &'(0"%
0,&("+1&0#,82%+,/% &'48%/(&("$0,(% &'(% &'"((%/0$(,80#,+:% 8&"41&4"(2% &'(%1'($08&"?%+,/%
&'(%D0#:#5?%#-%D#&'%.36%+,/%U6aF%
<0$0:+":?% &#% U% 1(::8% &'+&% 4,/("5#% *#80&0C(% +,/% ,(5+&0C(% 8(:(1&0#,% 0,% &'(% &'?$482%
/(C(:#*0,5%O9%1(::8%+"(%(/41+&(/%#"%8(:(1&(/%0,%&'(%D#,(%$+""#=%&'"#45'%(,5+5($(,&%
#-%&'(0"%0,'0D0&#"?%"(1(*&#"8%=0&'%C+"0#48%.36L7%:05+,/82%='01'%08%+,%(88(,&0+:%8&(*%-#"%
(8&+D:08'0,5% (--010(,&% $0880,5L8(:-% "(1#5,0&0#,TP2MB2QSF% E,5+5($(,&% #-% &'(8(% "(1(*&#"8%
=0&'% 1#5,+&(%.36L7% :(+/8% &#% &'(% 5(,("+&0#,% #-% -4,1&0#,+:%O9% 1(::8% 0,% &'(% *("0*'("?2%
='("(+8% -+0:4"(% &#%(,5+5(% 0,'0D0&#"?% "(1(*&#"8%/4"0,5%/(C(:#*$(,&%"(84:&8% 0,%O9%1(::%
'?*#L"(8*#,80C(,(88QiLPAF%I,:0;(% Y/(+&'% D?% ,(5:(1&Z% 8((,% 0,% U% 1(::% 8(:(1&0#,2%O9% 1(::8%
&'+&%/#%,#&%5(&%8&0$4:+&(/%D?%0,'0D0&#"?%:05+,/8%/4"0,5%/(C(:#*$(,&%+"(%8&0::%(K*#"&(/%




='("(D?% -4,1&0#,+:% 1#$*(&(,1(% 08% "(8(&% +11#"/0,5% &#% &'(% ,(=% (,C0"#,$(,&P@2PTF% >,%
(K+$*:(%#-%841'%+%*'(,#$(,#,% 08%&'(%+1f4080&0#,%#-%(--(1&#"%-4,1&0#,8%D?%*"(C0#48:?%
+,("501% O9% 1(::8% &"+,8-(""(/% 0,&#% +,% .36L7% 84--010(,&% (,C0"#,$(,&2% 8455(8&0,5% &'+&%
1#,&0,4#48% (,5+5($(,&% #-% 0,'0D0&#"?% "(1(*&#"8% =0&'% .36L7% 08% "(f40"(/% -#"% O9% 1(::%
"(8*#,80C(,(88F%O#&+D:?2%O9%1(::8%&'+&%:+1;%+,%0,'0D0&#"?%"(1(*&#"%-#"%+4&#:#5#48%.36L7%
1+,% 8&0::% "(8*#,/% ,#"$+::?% 0,% 0,-:+$$+&#"?% 8(&&0,58QQ2PR2PS% +,/%$#"(% "#D48&:?% +5+0,8&%
C0"+:% 0,-(1&0#,8% +,/% :(4;($0+% &'+,% &'(0"% 1#4,&("*+"&8% &'+&% (K*"(88% 8(:-L8*(10-01%
0,'0D0&#"?%"(1(*&#"8%-#"%.36L7PiLPQF%
>//0&0#,+::?2%:05+&0#,%#-%/(C(:#*0,5%O9%1(::8`%+1&0C+&0,5%"(1(*&#"8%=0&'%1#5,+&(%C0"+:%#"%
8(:-L:05+,/8% :(+/8% &#% +,("5?% +8% =(::% +8% +% *+"&0+:% "(*("&#0"(% /(:(&0#,% "(8($D:0,5% &'(%
,(5+&0C(%8(:(1&0#,%#-%/(C(:#*0,5%&'?$#1?&(8PPLBA@F%%
1.5 THREE-DIMENSIONAL STRUCTURE OF MHC MOLECULES 
.36% $#:(14:(8% +"(% $+0,:?% "(*"(8(,&(/% D?% &=#% /08&0,1&% 1:+88(82% 7% +,/% 772% 0,% '05'("%
C("&(D"+&(8F% .36L7% $#:(14:(82% ='01'% -#"$% &'(% $+0,% "(1#5,0&0#,% *:+&-#"$% -#"% 6Ub82%
*"(8(,&% #,% &'(% 1(::% 84"-+1(% (,/#5(,#48% +,&05(,8% &'+&% "(84:&% -"#$% &'(% *"#1(880,5% #-%
1?&#8#:01%*"#&(0,8F%7,%1#,&"+8&%&#%.36L7%&'+&%+"(%(K*"(88(/%D?%+::%,41:(+&(/%1(::82%.36L
77% +"(% #,:?% (K*"(88(/% D?% *"#-(880#,+:% >H68% 841'% +8% )682% $+1"#*'+5(8% +,/% J% 1(::8F%
>,&05(,8% /("0C(/% -"#$% (,54:-(/% (K#5(,#48% *"#&(0,8% +"(% *"#1(88(/% &'"#45'% +,%
(,/#1?&01% *+&'=+?% +,/% *"(8(,&(/% #,% &'(% 1(::% 84"-+1(% #-% >H68% #,%.36L772% 4:&0$+&(:?%
&+"5(&0,5% "(1#5,0&0#,% D?% 6)Rm% U% '(:*("% 1(::8F% >:&'#45'% .36L7% +,/% L77% +"(% &"055("0,5%
/08&0,1&% 84D5"#4*8% #-% U% :?$*'#1?&(82% D#&'% $#:(14:(% 1:+88(8% '+C(% 80$0:+"% #C("+::%
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.36L7%WH)J%7)e%B<MIXF%.36L7%'(+C?%1'+0,%0,%5"((,2%w@$%0,%1?+,2%80/(%C0(=%HQ%E:(1&"#8&+&01%"(*"(8(,&+&0#,%
#-%.36L72%/08*:+?0,5%&'(%*(*&0/(%D0,/0,5%1:(-&%+,/%80K%$+]#"%*#1;(&8%W>L!X2%&#*%C0(=F%
W&'(% :+&&("% 0$*#"&+,&% -#"% 6)Q^R% (,5+5($(,&% +,/^#"% "(1#5,0&0#,% D?% 8*(10-01% O9%
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#"5+,0[+&0#,8% &'+&% +::#=% D#&'% 1:+88(8% &#% +1'0(C(% /081"(&(% 1'+"+1&("08&018% 0,% &'"((L
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*"(8(,&% *(*&0/(8% #-% /0--("0,5% 80[(8% +,/% *"#*("&0(8% +8% +% "(84:&% #-% /0--("(,&0+::?% D40:&%
+"1'0&(1&4"(8% #-% &'(0"% *(*&0/(% D0,/0,5% 5"##C(8BARLBAiF% 7&% 08% 5(,("+::?% 1#,80/("(/% &'+&%
.36L7%1+,%+11#$$#/+&(%QLBA%+$0,#%+10/L:#,5%*(*&0/(8%80,1(%&'(%*(*&0/(LD0,/0,5%1:(-&%
08%1:#8(/%+&%D#&'%(,/8BAT2BARF%6#,C("8(:?2% :#,5("%*(*&0/(8%1+,%D(%*"(8(,&(/%D?%.36L77%
80,1(% &'(% (,/8% #-% &'(% *(*&0/(LD0,/0,5% 1:(-&% +"(% #*(,2% +::#=0,5% :#,5("% *(*&0/(8% &#%
(K&(,/% #4&% -"#$% D#&'% 80/(8% #-% &'(% 5"##C(BAT2BARF% >,#&'("% 1#,8(f4(,1(% #-% &'(8(%
8&"41&4"+:%/0--("(,1(8%08%&'+&%*(*&0/(8%*"(8(,&(/%D?%.36L77%+"(%'(:/%0,%:#,5%(K&(,/(/%
1#,-#"$+&0#,8%+,/%"(80/(%8:05'&:?%8'+::#=("% 0,%&'(%*(*&0/(LD0,/0,5%5"##C(2%1#$*+"(/%
&#%.36L7% "(8&"01&(/% *(*&0/(8F% U'482% *(*&0/(8% +11#$$#/+&(/% D?%.36L7% +"(%%&' ()*+,%








+,/% 4*=+"/8% -"#$% &'(% *(*&0/(LD0,/0,5% 5"##C(% +&% &'(% OL% #"% &'(% 6L&("$0,48BAM2BAQF%%
!0,+::?% 0&% 8'#4:/%D(%,#&(/% &'+&% 8(C("+:% C("?% :#,5%C0"+:%*(*&0/(8%+,/% &4$#"L+88#10+&(/%
+,&05(,8% WU>>8X% &'+&% D4:5(% #4&% -"#$% &'(% *(*&0/(LD0,/0,5% 5"##C(2% '+C(% D((,% &'"((L
/0$(,80#,+::?%(8&+D:08'(/%+,/%&'#"#45':?%-4,1&0#,+::?%8&4/0(/BAPLBBTF%
1.5.1 Structural insights into peptide-MHC binding and restriction 
.36%$#:(14:(8%$+;(%48(%#-%&'(0"%*(*&0/(LD0,/0,5%80&(8%0,%#"/("%&#%*"(8(,&%+,&05(,8%&#%
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1#,808&8%#-% 80K%$+]#"%*#1;(&8% &'+&%+11#$$#/+&(%&'(%*"(8(,&(/%*(*&0/(8% SK(570-/ UHTF%
E+1'% #-% &'(8(% *#1;(&82% ,+$(/% >% &#% !2% *:+?8% +,% 0$*#"&+,&% "#:(% 0,% *(*&0/(% D0,/0,5F%
I,0/0"(1&0#,+:% D0,/0,5%#-% *(*&0/(8% &#%.36% 08% #,(%#-% &'(% 0$*#"&+,&% -(+&4"(8% #-%.36%
*(*&0/(LD0,/0,5% 5"##C(8F% U'08% /0"(1&0#,+:% D0,/0,5% 08% +1'0(C(/% &'"#45'% &'(% 4,0f4(%
1'($01+:% (,C0"#,$(,&% 1"(+&(/% D?% 1#,8("C(/% +$0,#% +10/8% 0,% &'(% C010,0&?% #-% &'(8(%




>//0&0#,+::?2% &'(% "($+0,0,5% -#4"% *#1;(&8% WJLEX% +"(% :#1+&(/% $+0,:?% 0,% &'(% $#8&%
*#:?$#"*'01% "(50#,8% #-% .36% 1:+88% 72% /(-0,0,5% #,(% #-% &'(% ;(?% 1'+"+1&("08&018% #-% &'(%
*(*&0/(% D0,/0,5L1:(-&82% ='01'% 08% *(*&0/(% 8*(10-010&?F% U'08% 8*(10-010&?% 08% 0,/0C0/4+::?%
/(805,(/% &'"#45'% &'(% *#:?$#"*'01% "(80/4(8% "(80/0,5% 0,% &'(% *(*&0/(LD0,/0,5% 5"##C(F%
7,/((/% 8#L1+::(/% D0,/0,5% $#&0-8% +"(% 1'+"+1&("0[(/% D?% &'(% "(f40"($(,&8% #-% 1("&+0,%
*#1;(&8%&'+&%8&"#,5:?%8(:(1&% -#"%1("&+0,%+$0,#%+10/8%+&%8*(10-01%*(*&0/(%*#80&0#,8F% 7&% 08%%
5(,("+::?% +5"((/% &#/+?% &'+&%$#8&% #-% &'(% *(*&0/(% D0,/0,5% &#% +% 8*(10-01%.36% +::(:(% 08%
+1'0(C(/%&'"#45'%&'(%48(%#-%&'(8(%*"(-(""(/%"(80/4(8%1+::(/%+,1'#"%"(80/4(8F%>8%(+1'%
.36%+::(:(%'+8%0,/0C0/4+:%*"(-(""(/%.36%+,1'#"%"(80/4(82%(+1'%+::(:(%'+8%&'(%*#&(,&0+:%
&#% *"(8(,&% +% /0--("(,&% *(*&0/(% "(*("&#0"(2% ='01'% 08% $+0,:?% &4,(/% D?% &'(% '05':?%
*#:?$#"*'01% ,+&4"(% #-% &'(% .36% $#:(14:(8F% !#"% (K+$*:(2% &'(% '4$+,% 3b>L>@% +::(:(%
$+0,:?%$+;(8%48(%#-%*#80&0#,%@%W*@X%+,/%&'(%6%&("$0,48%W*%X%#-%&'(%(*0&#*(8%+8%$+0,%














+8% 8(1#,/+"?% +,1'#"82% *"#C0/0,5% 805,0-01+,&% +//0&0#,+:% #C("+::% D0,/0,5% 8&"(,5&'% +,/%
.36^*(*&0/(% 1#$*:(K% 8&+D0:0&?BBMLB@AF% U'(% 8?8&($+&01% &+"5(&0,5% #-% 841'% "(80/4(8%
"(*"(8(,&8% +,% +:&(",+&0C(% +**"#+1'% -#"% &'(% /(805,% #-% >Hb8% =0&'% '05'("%
0$$4,#5(,010&?BBM2BBQ2B@B% +8% /(81"0D(/% 0,% *+*("% 7jF% U'08% &#*01% "(*"(8(,&8% #,(% #-% &'(%
$+0,%+0$8%#-%$?%H')%&'(808F%
1.5.2 Antigen processing resulting in conventional and alternative peptide 
repertoires 








:#1+:0[(/% 0,% (,/#8#$(8% +,/% *'+5#8#$(8% &'+&% 1+,% :+&("% D(% -48(/% &#% :?8#8#$(8F% U'(%
+10/01% (,C0"#,$(,&% 0,% &'(8(% C(801:(8%(,+D:(8% +10/01%*"#&(+8(82% 841'%+8% 1+&'(*80,82% &#%
/(5"+/(%1+*&4"(/%*"#&(0,8%&#%*(*&0/(%+,&05(,8%&'+&%+"(%BA%&#%TA%+$0,#%+10/8%:#,5F%U'(%
*(*&0/(LD0,/0,5%5"##C(8%#-%.36L772%='01'%08%8?,&'(80[(/%0,%&'(%(,/#*:+8$01%"(&014:4$%
WEaX2% +"(% #114*0(/% D?% &'(% 0,C+"0+,&% 1'+0,8% W70X% &'"#45'#4&% &'(0"% &"+,8*#"&% &#% &'(%
0,&"+1(::4:+"% C(801:(8F% 7,% #"/("% &#% :#+/% &'(% +/(f4+&(% "(*("&#0"(% #-% *(*&0/(8% 0,% &'(%
*(*&0/(LD0,/0,5%5"##C(%#-%.36L772%70%$48&%D(%"($#C(/%-"#$%&'(%*(*&0/(LD0,/0,5%1:(-&F%
U'08% 08% +1'0(C(/%D?% &'(% 1#$D0,(/% +1&0#,% #-% *"#&(#:?&01% (,[?$(8% +,/% &'(%.36L77L:0;(%
,#,L*#:?$#"*'01%$#:(14:(%3b>L).F%6+&'(*80,%<%1:(+C(8%+,/%"($#C(8%702%:(+C0,5%&'(%@R%
+$0,#%+10/L:#,5%1:+88%77L+88#10+&(/%0,C+"0+,&%1'+0,%*(*&0/(%W6b7HX%0,%&'(%*(*&0/(LD0,/0,5%
1:(-&F% !0,+::?2% -#::#=0,5% &'(%3b>L).L"(54:+&(/% (K1'+,5(% #-% &'(% 6b7H% *(*&0/(%=0&'% +,%
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/0C0/(/% 0,&#% &'"((%$+]#"% 1:+88(8l% 1'?$#&"?*80,% :0;(% +1&0C0&?% WwSX2% &"?*80,% :0;(% +1&0C0&?%
Ww@X% +,/% *(*&0/?:5:4&+$?:% *(*&0/(% '?/"#:?[0,5% +1&0C0&?% WwBX% =0&'% *"(-(""(/% 1:(+C+5(%
80&(8%+-&("%'?/"#*'#D01%"(80/4(82%D+801%"(80/4(8%+,/%+10/01%"(80/4(82%"(8*(1&0C(:?B@@F%
H"#&(+8#$(L5(,("+&(/%*(*&0/(8%+"(%&'("(+-&("%&"+,8*#"&(/%&#%&'(%Ea%D?%+,%+/(,#80,(%
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(,+D:(8% &'(% (,5+5($(,&% #-% &'(% '(+C?% 1'+0,%=0&'% &'(% w@$% 84D4,0&F%I*#,%D0,/0,5% &#%












B@iLB@QF% G'0:(% 8&+,/+"/% *"#&(+8#$(8% +"(% 1#,8&0&4&0C(:?% (K*"(88(/% 0,% +::% 1(::8% #-% +,%
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1:+88% 77% 5(,(% :#10L(,1#/(/% wB0% Wb.H@X% +,/% wS0% Wb.HMX% 84D4,0&8B@P2BTAF% U'(%
0$$4,#*"#&(+8#$(% 1:(+C(8% +,&05(,8% 0,&#% i% &#% TA% +$0,#% +10/8% :#,5% *(*&0/(8% +,/%
/08*:+?8%+,%(,'+,1(/%:(C(:%#-%+,&05(,%&4",#C("%=0&'%+%8(:(1&0C(%*"(-("(,1(%-#"%D+801%#"%
'?/"#*'#D01% +$0,#% +10/8% +&% &'(% 1+"D#K?:% &("$0,+:% #-% &'(% *"#/41(/% *(*&0/(8F% !#"%
(K+$*:(2%='0:(%+,&05(,%*"#1(880,5%#-% &'(% :?$*'#1?&01%1'#"0#$(,0,50&08%C0"48% Wb6.jXL
/("0C(/%0$$4,#/#$0,+,&%$#48(%.36L7%3L@)DL"(8&"01&(/%(*0&#*(%5*TT%08%"(54:+&(/%D?%
&'(%0$$4,#*"#&(+8#$(%84D4,0&%wS0%Wb.HMX2%+,&05(,%*"#1(880,5%#-%&'(%84D/#$0,+,&%3L
@)DL"(8&"01&(/% b6.j% (*0&#*(% 5*@Mi% 08% ,(5+&0C(:?% +--(1&(/% D?% &'(% *"(8(,1(% #-% &'(%
0$$4,#*"#&(+8#$(BTBF% <0$0:+"% /0--("(,&0+:% +,&05(,% *"#1(880,5% *+&&(",8% 1+,% +:8#% D(%
/(&(1&(/% -#"% .36L7L"(8&"01&(/% U>>8F% G'0:(% +,&05(,% *"#1(880,5% #-% &'(% 3b>LJRAL
"(8&"01&(/% .>gELTL/("0C(/% (*0&#*(% 08% *"0,10*+::?% $(/0+&(/% D?% &'(%
0$$4,#*"#&(+8#$(BT@2% &'(%3b>L>@L"(8&"01&(/%.(:+,L>^.+"&LB%(*0&#*(% W.(:+,L>@iLTSX%
08% *##":?% 1:(+C(/% D?% &'(% 0$$4,#*"#&(+8#$(% D4&% 8411(88-4::?% *"#1(88(/% D?% &'(%
*"#&(+8#$(BTTF%U'482%&'(%#D8("C(/%/0--("(,&0+:%+,&05(,%*"#1(880,5%+,/%*"(8(,&+&0#,%#-%
.36L7L"(8&"01&(/% (*0&#*(8% D?% /0--("(,&% &?*(8% #-% *"#&(+8#$(8% 4,/(":0,(8% &'(%
0$*#"&+,1(%#-%(*0&#*(%8(:(1&0#,%-#"%-4&4"(%*(*&0/(%C+110,+&0#,%8&"+&(50(8%80,1(%+D8(,1(%
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-#"% 1:(+C+5(% +-&("% '?/"#*'#D01% "(80/4(82% "(84:&0,5% 0,% &'(% 5(,("+&0#,% #-% +,% +:&("(/%
"(*("&#0"(%#-%.36%1:+88% 7L"(8&"01&(/%*(*&0/(8F% wS&L/(*(,/(,&% 1'+,5(8% 0,% &'(%*(*&0/(%
"(*("&#0"(%'+C(%+,%(88(,&0+:%0$*+1&%#,%#*&0$+:%*#80&0C(%8(:(1&0#,2%+,/%+"(%"(f40"(/%-#"%
&'(% 5(,("+&0#,% #-% +,% 0$$4,#1#$*(&(,&% 6)Qm% U% 1(::% "(*("&#0"(% 80,1(% 6)Qm% U% 1(::8%
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1.5.3 Post-translational modifications 
H#8&L&"+,8:+&0#,+:%$#/0-01+&0#,8%WHU.8X%$+?%"(84:&%0,%&'(%*"#/41&0#,%#-%.36L"(8&"01&(/%
,(#L+,&05(,8% &'+&% 1+,% &"055("% ,#C(:^/0--("(,&% U% 1(::% "(8*#,8(8% +,/% 1+,% +C#0/% &'(%
1#,8&"+0,&8% #-% 0$$4,#:#501+:% 8(:-L&#:("+,1(F% 7,-(1&0#,2% 0,-:+$$+&0#,2% 1(::4:+"%
&"+,8-#"$+&0#,2%1(::%/(+&'%#"%+:&("(/%805,+:0,5%*+&'=+?8%$+?%+--(1&% &'(% -"(f4(,1?%#-%
HU.8% &'+&% $+?% "(84:&% 0,% 1'+,5(8% 0,% *(*&0/(% "(*("&#0"(% *"(8(,&(/% D?% >H68BS@LBSiF%
>//0&0#,+::?2%HU.8%1+,%+:8#%D(%48(/%D?%D+1&("0+:%+,/%C0"+:%*+&'#5(,8% &#%1#$*"#$08(%
1"0&01+:% 0$$4,(% "(8*#,8(8% +,/% '#8&% -+1&#"8% +5+0,8&% 0,-(1&0#,BSM2BSQF% 7&% '+8% D((,%
/($#,8&"+&(/%&'+&%8(C("+:%;0,/8%#-%HU.8%841'%+8%/(+$0/+&0#,BSP2%1?8&(0,?:+&0#,BiA2BiB2%
5:?1#8?:+&0#,Bi@2BiT2% *'#8*'#"?:+&0#,BiR2BiS% #"% ,0&"#&?"#80,+&0#,Bii% $+?% +--(1&% U% 1(::%




U'08% 8&4/?%/($#,8&"+&(/% &'+&%$#8&%#-% &'(%U% 1(::8%=("(% 8*(10-01% -#"%#,:?% &'"((%#-% &'(%
0,C(8&05+&(/% *(*&0/(82% *"#C0/0,5% +% 1:(+"% (K+$*:(% -#"% 0$$4,#/#$0,+,1(% +,/% &'(%
:0$0&(/% /0C("80&?% #-% 0$$4,#5(,01% (*0&#*(8F% >//0&0#,+::?2% 3+"/?% &+' )5% "(1(,&:?%
/($#,8&"+&(/% &'+&% 1#,C("80#,% #-% &'(% &?"#80,(% "(80/4(% W*RyX% #-% b6.jL/("0C(/%
0$$4,#/#$0,+,&% 3L@)DL"(8&"01&(/% (*0&#*(% 5*TT% W9>jyO!>U6X% &#% +% ,0&"#&?"#80,(%
805,0-01+,&:?%+--(1&(/%"(1#5,0&0#,%#-%3L@)D^5*TT%8*(10-01%U%1(::8BiiF%G(%*"#C0/(%0,%H>HEa%
7%&'(%4,/(":?0,5%D0#1'($01+:%+,/%8&"41&4"+:%D+808%-#"%&'(8(%#D8("C(/%-4,1&0#,+:%(--(1&8F%
<0$0:+":?% &#% U>HL0,/(*(,/(,&% +,/% UE7HH% (*0&#*(82% HU.%(*0&#*(8% 1+,% +:8#% *:+?% +% ;(?%
"#:(% 0,% 0$$4,(% 84"C(0::+,1(BS@2BiQF% <0,1(% HU.% (*0&#*(8% $+?% 1#,8&0&4&(% +% ,#C(:%
"(*("&#0"(%#-%+,&05(,82%0&%$05'&%D(%*#880D:(%&#%48(%&'(8(%+8%,#C(:%1+,/0/+&(8%-#"%-4&4"(%
+&&($*&8%&#%&+"5(&%0,-(1&(/%#"%+:&("(/%1(::8F% 
1.6 MHC-I RESTRICTED EPITOPES 
1.6.1 Epitope discovery 
7,0&0+::?%.36L7%"(8&"01&(/%(*0&#*(8%=("(%0/(,&0-0(/%&'"#45'%*(*&0/(%(:4&0#,%-#::#=(/%D?%
8(f4(,10,5%480,5%$+88%8*(1&"#$(&"01%$(&'#/82% :(+/0,5%&#%&'(% 0/(,&0-01+&0#,%#-%+::(:(L




8(f4(,1(LD+8(/% 1#$*4&+&0#,+:% *(*&0/(% *"(/01&0#,% +:5#"0&'$8% ($("5(/% +::#=0,5% -#"%
&'(% /081#C("?% #-% 8(C("+:% +//0&0#,+:% .36% +::(:(L8*(10-01% *(*&0/(% (*0&#*(8BBi2BMALBM@F%
3#=(C("2% +:&'#45'%C("?% 8411(88-4:% 0,% 0/(,&0-?0,5% :+"5(%+$#4,&8%#-%,#C(:%(*0&#*(8BBi2%
&'08%+**"#+1'%+:8#%1+""0(8% 0,&"0,801%D0+8(8%80,1(% 0&%#,:?%+::#=8% -#"% &'(% 0/(,&0-01+&0#,%#-%
(*0&#*(8%=0&'%#*&0$+:%+,1'#"% "(80/4(8F% !#"%(K+$*:(2%$4"0,(%.36L7%$#:(14:(%3L@)DL
"(8&"01&(/%(*0&#*(8%5(,("+::?%$+;(%48(%#-%1("&+0,%+$0,#%+10/8%+&%*#80&0#,8%@2%S%+,/%+&%
&'(%6L&("$0,+:%*+"&%#-% &'(%*(*&0/(% -#"%#*&0$+:%*(*&0/(%D0,/0,5F% U'08%*"#-0:(%#-%3L@)D%
"(8&"01&(/% (*0&#*(8% :(+/8% &'(% 1#$*4&+&0#,+:% *(*&0/(% *"(/01&0#,% +:5#"0&'$8% &#% 8(+"1'%
-#"%1("&+0,%+$0,#%+10/8%+&%8*(10-01%*#80&0#,8%841'%+8*+"+50,(%WOX%+&%*(*&0/(%*#80&0#,%S%
W*SXF% >8% +% "(84:&% #-% &'082% 841'% +:5#"0&'$8% *"(/01&% '05'("% *(*&0/(% D0,/0,5% 81#"(8% -#"%




D0,/% =0&'% '05'% +--0,0&?% &#% &'(0"% 1#5,+&(% .362% /#% ,#&% D0,/% +&% +::% +,/^#"% +"(% ,#&%
*"#1(88(/%,+&4"+::?F% 7,% :0,(%=0&'% &'082%#4"% "(8(+"1'%5"#4*%'+8%/($#,8&"+&(/% &'+&% &'(%
$(:+,#$+L+88#10+&(/% 3L@)DL"(8&"01&(/% (*0&#*(% 5*BAA@SLTT%WEg<aOn)GbX% D0,/8% C("?%
=(+;:?%&#%3L@)D%/(8*0&(%&'(%-+1&%&'+&% 0&%1#,&+0,8%+::% &'(%*"(-(""(/%+,1'#"%"(80/4(8BBQF%
U+;(,%&#5(&'("2%&'(8(%/+&+%0,/01+&(%&'+&%0/(,&0-01+&0#,%#-%(*0&#*(8%"(*"(8(,&8%+%$4:&0L
-+1(&(/% 1'+::(,5(% &'+&% ,((/8% &#% &+;(% 0,&#% +11#4,&% &'(% ='#:(% "+,5(% #-% *#&(,&0+:%
0,&("+1&0#,8%D(&=((,%&'(%*(*&0/(%+,/%&'(%.36F%.#"(#C("%0&%08%(88(,&0+:%&#%(K&(,80C(:?%
$+;(% 48(% #-% *(*&0/(% (:4&0#,% +,/2% $#"(% 8(,80&0C(%$+88% 8*(1&"#$(&"?% +**"#+1'(8% 0,%
#"/("% &#% 0/(,&0-?%,#C(:%(*0&#*(8%$#"(%*"(108(:?%+,/% &#% 0$*"#C(% &'(%(--010(,1?%#-% &'(%
14""(,&:?%+C+0:+D:(%*(*&0/(%*"(/01&0#,%&##:8F%%
1.6.2 Viral epitopes 
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:?$*'#1?&(% W6UbX% "(8*#,8(8% 0,1:4/0,5% 1?&#;0,(% *"#/41&0#,2% *"#:0-("+&0#,% +,/%
1?&#&#K010&?% +,/% +"(% &'48% 1:+880-0(/% +8% %5)"(+'/ -;(');-+BBMF% 3#=(C("2% 8(:(1&0C(% U% 1(::%
*"(884"(% #,% &'(8(% -(=% +5#,08&% (*0&#*(8% 1+,% "(84:&% 0,% &'(% ($("5(,1(% #-% C0"+:% (81+*(%
$4&+&0#,8% &'+&% +D"#5+&(% 6Ub% "(1#5,0&0#,% +,/% :(+/% &#% (81+*(% -"#$% 0$$4,(%
84"C(0::+,1(BMiF% j0"+:% (81+*(% $4&+&0#,8% 1+,% D(% 1:+880-0(/% +8% W-%E*%5)"(+'+% 0-% &'(%
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1#$*:(&(%+D"#5+&0#,%#-%+::%6Ub%"(8*#,8(82%&'(%$4&+&(/%*(*&0/(8%+"(%1:+880-0(/%+8%@(0%$/
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7,-:4(,[+BQA% +,/% b6.jBQBF% 7$*#"&+,&:?% 0&% 8'#4:/% D(% ,#&(/% &'+&2% 4*% &#% ,#=2%
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b6.jL/("0C(/% 0$$4,#/#$0,+,&% *(*&0/(% 5*TT% W9>jyO!>U.X% +,/% 8(C("+:% 5*TTL
/("0C(/%>Hb8F%
1.6.3 Tumor-associated antigens (TAAs)  
7,%1#,&"+8&%&#%0$$4,#5(,01%C0"+:%(*0&#*(82%='01'%$#8&%#-&(,%D0,/%=0&'%'05'%+--0,0&?%&#%
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1#$*:(K(8% +"(% (0&'("% ,(5+&0C(:?% 8(:(1&(/% /4"0,5% &'?$48% /(C(:#*$(,&% #"% (:0$0,+&(/%
&'"#45'% *("0*'("+:% &#:("+,1(% D?% *"#-(880#,+:% >H68BQR2BQSF% 3#=(C("2% 0&% 8'#4:/% +:8#% D(%
,#&(/%&'+&% 0&% 08%8&0::%*#880D:(%&#% 0/(,&0-?%'05'%+--0,0&?%U%1(::8%/(*(,/0,5%#,%&'(%+,&05(,%
8#4"1(%+,/%#,%&'(%(K08&(,1(%#-%'05'%+--0,0&?%U%1(::8%&'+&%(81+*(/%,(5+&0C(%8(:(1&0#,BQiL
BQQF% 7,/((/2%&'08% 08%#,(%#-%&'(%-(+&4"(8%&'+&%D"#+/(,8%&'(%.36%+--0,0&?%#-%&'(%*(*&0/(%
"(*("&#0"(% 80,1(% 8(:-L/("0C(/% *(*&0/(8% =0&'% =(+;% .36% +--0,0&?% 1+,% D(% 8&0::%
0$$4,#5(,012% 1'+::(,50,5% &'(% 5(,("+:% -(+&4"(8% #-% 0$$4,#/#$0,+,1(% /("0C(/% -"#$%
C0"+:%0,-(1&0#,%$#/(:8F%%
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5("$:0,(% 1(::82% +,/% ='#8(% (K*"(880#,% 08% 4*"(54:+&(/% /4(% &#% /?8"(54:+&0#,% #-% 5(,(L
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5("$:0,(% 5(,(8% +"(% 8&"01&:?% &4$#"L8*(10-01% +,/% +"(% &'("(-#"(% &+"5(&8% #-% 1'#01(% -#"%
1+,1("% 0$$4,#&'("+*?F% EK+$*:(8% #-% 1+,1("L&(8&08% +,&05(,8% +"(%OyLE<VL7% +,/%.>gEL
>BPQL@AAF%%
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+&&"+1&0C(% &+"5(&8% -#"% U% 1(::LD+8(/% 0$$4,#&'("+*?F% !#"% (K+$*:(2% &'(% $(:+,#$+L
+88#10+&(/% +,&05(,% .6Ba% +,/% &'(% $4:&0*:(% $?(:#$+L+88#10+&(/% !"+$(=#";% "(50#,%
/("0C(/%+,&05(,%!a@A%+"(%+:8#%(K*"(88(/% 0,% &'(0"% "(8*(1&0C(%,#,L$+:05,+,&% &0884(8%#"%
1(::%&?*(8F%>//0&0#,+:%0/(,&0-0(/%/0--("(,&0+&0#,%+,&05(,8%0,1:4/(%*(*&0/(8%/("0C(/%-"#$%
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1.7 !" T CELL RECEPTOR AND MHC/PEPTIDE INTERACTIONS 
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+,&05(,L8*(10-01%U%1(::%"(8*#,8(8F%U'(%#C("+::%8&"41&4"(%#-%&'(%U6a%08%80$0:+"%&#%+,&0D#/?%
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1.7.1 Kinetics and thermodynamics of TCR and MHC/peptide interactions 
G'(,% 1#$*+"(/% &#% +,&0D#/?L+,&05(,% 0,&("+1&0#,82% &'(% +--0,0&?% #-% U6aL*.36%
0,&("+1&0#,8% 1+,% D(% 1#,80/("(/% :#=2% "+,50,5% -"#$% B% &#% @AA% z.@M@L@MRF% U'(% (K&"($(%
8*(10-010&?% #-% U% 1(::8% (f40*8% &'($% =0&'% &'(% +D0:0&?% &#% /(&(1&% C("?% :#=% ,4$D("8% #-%
+,&05(,01% *.36% 1#$*:(K(82% 8#% &'+&% (C(,% #,(% *.36% 1#$*:(K% 1+,% D(% (--010(,&:?%
"(1#5,0[(/% +,/% &"055("% +% U% 1(::% "(8*#,8(@MSF% V4"% 4,/("8&+,/0,5% #-% &'(% ;0,(&01% +,/%
&'("$#/?,+$01% *"#*("&0(8% #-% U6aL*.36% 0,&("+1&0#,8% '+8% 0$*"#C(/% /"+$+&01+::?%
-#::#=0,5% &(1',01+:% +/C+,1(8% 0,% "(1#$D0,+,&% (K*"(880#,% #-% 8#:4D:(% U6a% +,/% *.36%
$#:(14:(8F%7,%&'(%,(K&%&=#%8(1&0#,82%7%=0::%84$$+"0[(%&'(%5(,("+:%*"0,10*:(8%"(5+"/0,5%
&'(% D0#1'($01+:% D+808% #-% U% 1(::% D0#:#5?2% +8%=(::% +8% &'(% ;0,(&018% +,/% &'("$#/?,+$018%
4,/(":?0,5%U6aL*.36%0,&("+1&0#,8F%
!"F"!"! G1/&+1*6',('C'*&55'1/+&0)*+1,/6'
<4"-+1(% H:+8$#,% a(8#,+,1(% W<HaX% (,+D:(8% ;0,(&01% $(+84"($(,&8% #-% U6aL*.36%
0,&("+1&0#,8%480,5%8#:4D:(%U6aL*.36%1#$*:(K(8F%7,0&0+:%#D8("C+&0#,8%:(/%&#%&'(%5(,("+:%
1#,1:480#,% &'+&% U6a8% D0,/% &#% *.368% =0&'0,% +% :#=% +--0,0&?% "+,5(% +,/% =0&'% C("?% -+8&%
+88#10+&0#,%"+&(8%&'+&%+"(%/0--014:&% &#%(8&0$+&(%/0"(1&:?%1#$*+"(/%&#%&'(%$41'%8:#=("%
/08+88#10+&0#,%"+&(8F%6#,14""(,&:?2%8(C("+:%'?*#&'(&01+:%$#/(:8%'+C(%D((,%*"#*#8(/%0,%
+&&($*&8% &#% (K*:+0,% &'(% D0#:#5?% #-% *.36L8*(10-01% U% 1(::82% '05':05'&0,5% (0&'("% &'(%
0$*#"&+,1(%#-%+--0,0&?@Mi%#"%#-%&'(%/08+88#10+&0#,%"+&(8BP2@MMF%%
U'(% Y;0,(&01% *"##-"(+/0,5% $#/(:Z% *"#*#8(/% D?% .19(0&'+,2% 8455(8&(/% &'+&% U% 1(::%
+1&0C+&0#,%=+8%#,:?%*#880D:(%0-%&'(%+$#4,&%#-%U6aL*.36%0,&("+1&0#,8%"(+1'(/%+%1("&+0,%
&'"(8'#:/BPF%.#"(%0$*#"&+,&:?2%8:#=("%/08+88#10+&0#,%"+&(8%1#""(:+&(/%=0&'%0$*"#C(/%U%
1(::% +1&0C+&0#,F% b+&("2% 9+:("508% +,/%O+&'(,8#,%*"#*#8(/% &'+&% &'(% 1#""(:+&0#,%#-% U% 1(::%
+1&0C+&0#,%=0&'%&'(%'+:-L:0-(%#-%U6aL*.36%0,&("+1&0#,8%$+?%,#&%+:=+?8%D(%:0,(+"@MQ2%+,/%
&'+&% 0,% 8#$(% 1+8(82% :#,5("% U6a^*.36% '+:-L:0C(8% 1#4:/% 0$*+0"% U% 1(::% "(8*#,8(8F% >,%
#*&0$+:%'+:-L:0-(%08%"(f40"(/%-#"%(--010(,&%U%1(::%+1&0C+&0#,2%='("(+8%D#&'%&##%8'#"&%#"%&##%
:#,5%U6aL*.36%(,5+5($(,&8%=#4:/%:(+/%&#%U%1(::%4,"(8*#,80C(,(88@MPF%U'08%=+8%+:8#%




8("0+:% (,5+5($(,&% #-% U6a8% &#% 1#5,+&(% *.36% 1+,% D##8&% &'(% 0,&(",+:% 805,+:0,5% 0,% U%
1(::8@AF% 3#=(C("2% 841'% D##8&0,5%=#4:/% D(% 848&+0,+D:(% #,:?% 0-% &'(% '+:-L:0-(% #-% +% 80,5:(%
0,&("+1&0#,% 08% ,#&% &##% *"#:#,5(/F% U'482% 0&% 8(($8% 0$*#"&+,&% &'+&% ='0:(% U6aL*.36%
0,&("+1&0#,8%$48&%D(%:#,5%(,#45'%&#%-4:-0::%&'(%"(f40"($(,&8%#-%+1&0C+&0#,2%&'(?%8'#4:/%
+:8#% D(% 8'#"&% (,#45'% &#% +C#0/% 0,'0D0&0#,%#-% 8("0+:% (,5+5($(,&F% b0;(=08(2% &'(% +--0,0&?%
$#/(:% 8455(8&(/% &'+&% U% 1(::% +1&0C+&0#,% 1#""(:+&(8% =0&'% &'(% ,4$D("% #-% "(1(*&#"8%
(,5+5(/F% U'08% =+8% :+&("% 1#,-0"$(/% D?% &'(% #D8("C+&0#,% &'+&% '05'% +--0,0&?% *.36%
$#:(14:(8% 1+,% #114*?% +% :+"5(% ,4$D("% #-% U6a8% +,/% &'("(-#"(% &"055("% 8&"#,5("%
"(8*#,8(8@Mi2@QAL@QTF%7&%8'#4:/%D(%,#&(/%&'+&2%&'(%'?*#&'(&01+:%$#/(:8%0,&"#/41(/%0,%&'08%
8(1&0#,%+"(%/("0C(/%-"#$%C+"0#48%8&4/0(8%+,+:?[0,5%/0--("(,&%U6aL*.36%*+0"8%+8%=(::%+8%







$#"(% #,% &'(% #--L"+&(% #-% &'(% 0,&("+1&0#,"% U'08% ,#C(:% '?*#&'(&01+:% $#/(:% 1+::(/%
Y1#,-0,($(,&% &0$(Z% +:8#% '#:/8% &"4(% 0,% C+"0#48% 1+8(8% #-% 6)Rm% +,/% 6)Qm% U6aL*.36%
0,&("+1&0#,82% 0,1:4/0,5% &'#8(% 1#$*"#$08(/% 0,% *"(C0#48:?% 0,1#,5"4(,&% 8&4/0(8% @QRF% U'(%
D#&&#$% :0,(% 8(($8% &#% D(% &'+&% +$#,5% &'(%$4:&0&4/(%#-% C+"0#48% U6aL*.36%*+0"8% &'+&%
#114"% 0,% ,+&4"(2% &'(% C+"0+,1(% 0,% &'(% D0#1'($08&"?% #-% 0,&("+1&0#,8% $05'&% "(-:(1&%
/0--("(,1(8%0,%D0#1'($01+:%+,/%&'("$#/?,+$01%*+"+$(&("8@QSF%'
>:8#2% #,(% 8'#4:/% ;((*% 0,%$0,/% &'+&% &'(% ]4K&+*#80&0#,% #-% U% 1(::% +,/% >H6%$($D"+,(8%
$#8&% *"#D+D:?% 0,-:4(,1(8% U6aL*.36% D0,/0,5@QiL@QQF% U'482% &'(% (C+:4+&0#,% #-% &'(8(%
0,&("+1&0#,8%+11#"/0,5%&#%+,?%80,5:(%*+"+$(&("2%841'%+8%+--0,0&?%#"%/088#10+&0#,%"+&(2%08%
:0;(:?%&#%D(% :0$0&(/2%+:&'#45'%,#&%="#,5F%U'(% 0$*#"&+,1(%#-%&'(% 0,-:4(,1(%(K("&(/%D?%
$($D"+,(% 0,&("+1&0#,8% 08% -4"&'("% 4,/(":0,(/% D?% -:4#"(81(,1(% "(8#,+,1(% (,("5?%
&"+,8-("% W!aEUX% $(+84"($(,&8% #-% $($D"+,(LD#4,/% U6aL*.36% 0,&("+1&0#,82% ='("(%
/088#10+&0#,%"+&(8%0,%&'(%1#,&(K&%#-%1(::4:+"%$($D"+,(8%=("(%$41'%-+8&("%1#$*+"(/%&#%
<Ha% $(+84"($(,&8% +,/% &'(% +--0,0&?% =+8% $41'% '05'("% ='(,% 1#$*+"(/% &#%
$(+84"($(,&8%=0&'%$#:(14:(8%0,%8#:4&0#,@QPF%!4"&'("%84**#"&%-#"%&'08%*'(,#$(,#,%08%
*"#C0/(/%D?%$(1'+,01+:%+88+?8%8'#=0,5%+%1#""(:+&0#,%D(&=((,%&'(%;0,(&01%*+"+$(&("8%
#-%$($D"+,(LD#4,/% U6a%=0&'% U% 1(::% +1&0C+&0#,% *#&(,1?2% ='0:(% 841'% 1#""(:+&0#,%=+8%
:+1;0,5%='(,%$(+84"($(,&8%-"#$%+88+?8%=0&'%8#:4D:(%$#:(14:(8%=("(%48(/@PAF%
!"F"!"$ C<&0@,%>/)@1*6',('C'*&55'1/+&0)*+1,/6'
>//0&0#,+:% 0,805'&8% 0,&#% U6aL*.36% 0,&("+1&0#,8% +,/% &'(0"% 0$*+1&% #,% U% 1(::% +1&0C+&0#,%
=("(%5+0,(/%D?%+,+:?[0,5%&'(%&'("$#/?,+$018%#-%U6a%(,5+5($(,&%&#%1#5,+&(%*.36%
$#:(14:(8F% 7,0&0+:%$(+84"($(,&8%#-%U6a%D0,/0,5%&'("$#/?,+$018%480,5%d.@@%W'4$+,%




*.36% $#:(14:(8% "(84:&(/% 0,% +% 1#$D0,+&0#,% #-% -+C#"+D:(% (,&'+:*?% +,/% 4,-+C#"+D:(%
(,&"#*?%1'+,5(8@PBF%EC+:4+&0#,%#-%;0,(&01%+,/%8&"41&4"+:%/+&+%+:8#%8455(8&(/2% 0,%&'(8(%
&=#%(K+$*:(82%&'+&%"+&'("%&'+,%80$*:(%1#,-#"$+&0#,+:%+/]48&$(,&8%4*#,%D0,/0,52%&'(%
6)a% :##*8% #-% &'(% U6a% =("(% "(:+&0C(:?% -:(K0D:(% 0,% &'(% 4,D#4,/% 8&+&(F% U'08% -:(K0D0:0&?%
8&+,/8%#4&%+8%+%;(?%-(+&4"(%0,%U6a%D0#:#5?%+8%0&%*"#D+D:?%+::#=8%&'(%U6a%D0,/0,5%80&(%&#%
+/+*&% 8:05'&:?% &#% /0--("(,&%.36% :05+,/8F% <0$0:+"% -+C#"+D:(% (,&'+:*?% +,/% 4,-+C#"+D:(%
(,&"#*?%1'+,5(8%=("(%:+&("%/($#,8&"+&(/%-#"%&'(%D0,/0,5%#-%&'(%@JR%U6a%&#%0&8%1#5,+&(%
*.36% :05+,/@P@F%>:&'#45'%(+":?% &'("$#/?,+$018%/+&+% 0,/01+&(/%+%,((/%-#"% -#:/0,5%#-%
U6a%6)a%:##*8%4*#,%"(1#5,0&0#,%#-%*.3682%&'(%+114$4:+&0#,%#-%$#"(%&'("$#/?,+$01%
+,/%8&"41&4"+:%/+&+%*"#C0/(/%+%$#"(%"(-0,(/%+,/%"(C08(/%C0(=%='01'%8&0::%(,1#$*+88(/%
6)a% :##*% +/]48&$(,&8% D4&% #-% /0--("(,&% $+5,0&4/(% +,/% 8(($(/% &#% 1#,808&% #-% =(::%
/(-0,(/% 8&"41&4"+:% 8'0-&8% "+&'("% &'+,% &'(% #"/("0,5% #-% '05':?% -:(K0D:(% D+1;D#,(8@@TF%
VC("+::2%0&%=+8%D(:0(C(/%&'+&%6)a%:##*%+/]48&$(,&8%"(f40"(/%&#%D0,/%&#%*.36%1#$*:(K%
08%#,(%#-%&'(%$+]#"%1#,&"0D4&#"8%&#%&'(%#D8("C(/%4,-+C#"+D:(%D0,/0,5%(,&"#*?F%%





+:&("% 8#:C(,&% (K*#8(/% 84"-+1(% +"(+8@Pi% +,/% &'48% 1#,-#"$+&0#,+:% 1'+,5(8F% >% ,(5+&0C(%
'(+&% 1+*+10&?% 08% 1#,808&(,&% =0&'% D4"0+:% #-% '?/"#*'#D01% 84"-+1(8@PM2% +8% =(::% +8%
(,&"+*$(,&%#-%=+&("8@PQ%+,/%'+8%+:8#%D((,%1#,,(1&(/%&#%UL1(::%+1&0C+&0#,@QSF%>:&'#45'%
1("&+0,%$(&'#/#:#501+:% 1+C(+&8%/#%(K08&2%*"0,10*+::?% 1#,1(",0,5% &'(%+114"+1?%#-%j+,`&%
3#--% /(&("$0,(/% '(+&% 1+*+10&?% 1'+,5(82% &'(% #114""(,1(% #-% 1#,-#"$+&0#,+:% 1'+,5(8%
D(&=((,%-"((%+,/%*.36LD#4,/%U6a8%8(($8%&#%D(%+%1#$$#,%(C(,&F%<(C("+:%8&"41&4"+:%
8&4/0(8% '+C(% /($#,8&"+&(/% 1#,-#"$+&0#,+:% /0--("(,1(8% D(&=((,% -"((% +,/% *.36L
D#4,/%U6a82%+8%=(::%+8%/0--("(,1(8%D(&=((,%&'(%8+$(%U6a%D#4,/%&#%/0--("(,&%*.36%
:05+,/82% ='01'% (8&+D:08'(/% &'(% 5"#4,/8% -#"% &'(% 4,-+C#"+D:(% D0,/0,5% (,&"#*?% &'+&%
"(-:(1&8%&'(%:#88%#-%U6a%1#,-#"$+&0#,+:%-:(K0D0:0&?@TM2@iA2@PPLTABF%
G'0:(%&'08%8455(8&(/%&'("$#/?,+$01%805,+&4"(%*"(8(,&(/%C("?%0,&("(8&0,5%0$*:01+&0#,8%
-#"% U% 1(::% D0#:#5?2% 0&%=+8% "(1(,&:?% f4(8&0#,(/%='(,% -+C#"+D:(% (,&"#*?% 1'+,5(8%=("(%
/($#,8&"+&(/%0,%&'(%D0,/0,5%#-%>i%U6a%U+K%&#%3b>L>@TA@F%!+C#"+D:(%(,&"#*?%1'+,5(8%0,%
*"#&(0,L*"#&(0,% 0,&("+1&0#,8% 1#$$#,:?% +"08(% -"#$% /(8#:C+&0#,2% ='("(D?% #"/("(/%
=+&("8%+"(%(K*4:8(/%-"#$%+*#:+"%84"-+1(8%4*#,%D0,/0,52%:(+/0,5%&#%+,%0,1"(+8(%0,%&#&+:%
(,&"#*?%#-%&'(%8?8&($TATF%U'(%"(:(+8(%#-%=+&("%$#:(14:(8%4*#,%U6aL*.36%D0,/0,5%1+,%
&'48% *"#$#&(% +,% (,&"#*01% *+&'=+?% #-% "(1#5,0&0#,2% +8% 1:(+":?% /($#,8&"+&(/% 0,% +%
*"(C0#48%8&4/?@MAF%!#::#=0,5%"(*(+&(/%1#,-0"$+&0#,%#-%C+"0#48%80$0:+"%-+C#"+D:(%(,&"#*?%







$+?% "(84:&% 0,% &'(% -#"$+&0#,% #-% 1+C0&0(8% &'+&% 1+,% &"+*%=+&("82% +8% #D8("C(/% 0,% 8(C("+:%
U6a^*.36% 1"?8&+:% 8&"41&4"(8@TQ2@MA2TASF% U"+**(/% =+&("% $#:(14:(8% 1+,% -#"$% '?/"#5(,%
D#,/82% &'48% 1#,&"0D4&0,5% *#80&0C(:?% &#% &'(% D0,/0,5% (,&'+:*?% #-% U6a% 0,&("+1&0#,8F% 7,%
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G'0:(% &'("(% 08% 8&0::% +% ,((/% -#"% /0"(1&% +88+?8% -#"% &'(% /(&("$0,+&0#,% #-% 0,&("+1&0#,%
/?,+$0182% (8*(10+::?% "(5+"/0,5% &'(% -:(K0D0:0&?% #-% 6)a% :##*82% 1#$*+"+&0C(%
&'("$#/?,+$01% +,+:?808% #-% -"((% +,/% *.36LD#4,/% U6a8%$+?% 8&0::% *"#C0/(% 0$*#"&+,&%
0,805'&82% (8*(10+::?% 0-% &'(% 1#,-#"$+&0#,+:% 1'+,5(8% #114"% /4(% &#% +% *"(L(K08&0,5%
1#,-#"$+&0#,+:% (f40:0D"04$% 0,% &'(% 4,D#4,/% "(1(*&#"2% +8% '?*#&'(80[(/% D?%3#::("% +,/%
9"+,[TAQ%+,/%"(1(,&:?%#D8("C(/%D?%d+$(8%+,/%U+=-0;%480,5%&'(%<HEM%+,&0D#/?TAPF%%
7,&("(8&0,5:?2% &'(% 1#,-#"$+&0#,+:% 1'+,5(8% &'+&% &+;(% *:+1(% /4"0,5% U6aL*.36% D0,/0,5%
+"(%,#&% :0$0&(/%&#%&'#8(%#-% &'(%U6aF%<(C("+:%8&4/0(8%'+C(%8'#=,%&'+&%1#,-#"$+&0#,+:%
1'+,5(8% #114"% 0,% &'(% *(*&0/(% D(&=((,% &'(% -"((% +,/% D#4,/% -#"$8% #-% &'(% *.36%
1#$*:(KF%G'0:(%&=#%8&4/0(8%/($#,8&"+&(%"+&'("%8$+::%1#,-#"$+&0#,+:%1'+,5(8@RA2TBA2%+%
&'0"/% 8&4/?% "(*#"&(/% &'(% -:+&&(,0,5%#-% &'(% (K&"($(:?% D4:5(/%3b>L>TSL"(8&"01&(/% EJjL
/("0C(/%*(*&0/(%4*#,%U6a%D0,/0,5BBAF%<0$0:+":?2%#&'("%8&4/0(8%'+C(%8'#=,%&'+&%*(*&0/(8%
$+?% +/#*&% $4:&0*:(% 1#,-#"$+&0#,8% 0,% &'(% *(*&0/(% D0,/0,5% 5"##C(% #-% .36% #"% &'+&%
/08#"/("(/%80/(%1'+0,8%$+?%D(1#$(%#"/("(/%4*#,%U6a%(,5+5($(,&BBB2TBBLTBQF%%
1.7.2 TCR cross-reactivity 
EC(,%&'#45'%U6a%$48&%D(%'05':?%*.36L8*(10-012%U%1(::8%/08*:+?%/4+:%8*(10-010&?%&#%8(:-%
+,/% ,#,L8(:-F% U'482% U% 1(::8% +"(% +:8#% '05':?% *"#$0814#48%=0&'% &'(% +D0:0&?% &#% "(1#5,0[(%
.36L"(8&"01&(/%8(:-L*(*&0/(8%+,/%+1&4+::?%D(,(-0&% -"#$%&'08% -(+&4"(%&#%/08&0,5408'%8(:-%
+,/%,#,L8(:-F%.#"(%8*(10-01+::?2%U%1(::8%8(($%&#%D(%*#:?L8*(10-01BAF% 7,/((/2% 0&%'+8%D((,%
8455(8&(/% &'+&%+% 80,5:(%U6a%$+?% "(+1&%*"#/41&0C(:?%=0&'%+**"#K0$+&(:?%BAi%/0--("(,&%
.36L+88#10+&(/%$0,0$+:% *(*&0/(% (*0&#*(8TBP% +,/% &'+&% /0--("(,&% *(*&0/(8% 1+,% +1&% +8%
+5#,08&8%-#"%+%50C(,%U%1(::2%='0:(%+%1#,80/("+D:?%:+"5("%,4$D("%#-%*(*&0/(%:05+,/8%0,/41(%
=(+;("% 805,+:8BAF% <(C("+:% 8&4/0(8% '+C(% /($#,8&"+&(/% 841'% U6a% 1"#88L"(+1&0C0&?% &#% +%
C+"0(&?% #-% '4$+,% +,/% $4"0,(% U% 1(::8T@ALT@QF% 6"#88L"(+1&0C0&?% "##&8% -"#$% &'(%
/(C(:#*$(,&+:%*'+8(8%#-%U%1(::82%='("(%/4"0,5%&'?$01%8(:(1&0#,2%#,:?%&'#8(%(K*"(880,5%
U6a8% &'+&% #*&0$+::?% "(1#5,0[(% 8(:-L*.36% 1#$*:(K(8% +"(% +::#=(/% &#% $+&4"+&(F%
6#$*+"(/% &#% &'(% +1&0C+&0#,% #-% $+&4"(% U% 1(::82% =(+;("% U6a% 805,+:8% +"(% "(f40"(/% -#"%











0,C+/0,5% *+&'#5(,82% +8% /($#,8&"+&(/% 0,% $4"0,(% $#/(:8% ='("(% 6)Qm% U% 1(::8% 1"#88L
"(+1&(/% =0&'% *(*&0/(8% -"#$% &=#% /0--("(,&% C0"48(82% b6.j% +,/% H01'0,/(% C0"48% WHjXT@PL
TTBF%<41'% (K+$*:(8% *4&% -#"=+"/% U6a% 1"#88L"(+1&0C0&?% +8% +% 1#$$#,%*'(,#$(,#,% &'+&%
$+0,&+0,8% +% -4,1&0#,+:% 805,0-01+,1(%D?% +//0,5%(K&"+%/0C("80&?% &#% U% 1(::% "(8*#,8(8F% U'(%
$+0,&(,+,1(% #-% +% -0,(% D+:+,1(% D(&=((,% 8*(10-010&?% +,/% 1"#88L"(+1&0C0&?% 08% :0;(:?% &#%
1#,&"0D4&(%&#%+%8?8&($%='("(%+%84--010(,&%,4$D("%#-%U%1(::8%0,%+%50C(,%0,/0C0/4+:%08%+D:(%
&#% "(8*#,/% &#% +% 1#$*:(&(:?% ,#C(:% *+&'#5(,TT@F% <&4/0(8% '+C(% +:8#% 8'#=,% &'+&% +%
"(:+&0C(:?%/0C("8(%U6a% "(*("&#0"(2%(C(,% 0,% &'(%*"(8(,1(%#-%#,:?%#,(%.36L77L"(8&"01&(/%
*(*&0/(% 1+,% D(% 5(,("+&(/% +,/% &'+&% &'(8(% U6a8% $+?% '+C(% &'(% 1+*+10&?% &#% "(+1&% &#%
*(*&0/(8% =0&'% ,#% 8(f4(,1(% 0/(,&0&?% &#% &'(% 8(:(1&0,5% *(*&0/(TTTF% U'08% 1#,8&0&4&(8% +%
*"##-L#-L*"0,10*:(% -#"%U% 1(::% +1&0C+&0#,%D?%*(*&0/(8% &'+&%+"(%4,"(:+&(/% 0,% 8(f4(,1(% &#%
&'(%#"050,+:% 8(:(1&0,5%*(*&0/(2%='01'% +:8#%*"#C0/(8% +,% +//0&0#,+:% 0,805'&% 0,&#%*#80&0C(%
8(:(1&0#,%+,/%U6a%1"#88L"(+1&0C0&?F%%
>%$+]#"%$(1'+,08$%4,/(":?0,5%&'(%*'(,#$(,#,%#-%1"#88L"(+1&0C0&?%08%&'(%*:+8&010&?%#-%
&'(% 0,&("+1&0#,8% D(&=((,% U6a8% +,/% *.368F% >:&'#45'% &'08% (,1#4,&("% $05'&% D(%
/(81"0D(/%+8%+%:#1;L+,/L;(?%0,&("+1&0#,2%0&% 08%*"(8(,&:?%&'#45'&%&#%D(%+%$#"(%/?,+$01%
(C(,&%='("(%D#&'%&'(%:#1;%+,/%&'(%;(?%$+?%4,/("5#%$0,#"%"(+""+,5($(,&8%0,%#"/("%&#%
(8&+D:08'% +,% #*&0$4$% -0&F% <(C("+:% (K+$*:(8% #-% U6aL*.36% 1#$*:(K(8% '+C(% *"#C0/(/%
1:4(8% "(5+"/0,5% &'(% 0$*#"&+,1(% #-% &'(% *:+8&010&?% #-% 6)a% :##*8% #,% U6a%
"(1#5,0&0#,@RP2TAA2TABF%<&"41&4"+:%"(+""+,5($(,&8%&+;0,5%*:+1(%/4"0,5%U6a%(,5+5($(,&%&#%
*.36% 8(($% &#% D(% #-% ;(?% 0$*#"&+,1(% -#"% &'(% 8&+D0:0[+&0#,% #-% &'(% 0,&("+1&0#,@MBF%
.#"(#C("2%&'08%*:+8&010&?BBA%+::#=8%&'(%U6a%&#%81+,%&'(%84"-+1(%#-%&'(%*.36%0,%#"/("%&#%
(8&+D:08'% +% -+C#"+D:(% D0,/0,5% *#80&0#,2% &'("(D?% 0,1"(+80,5% &'(% 1'+,1(8% -#"% 1"#88L
"(+1&0C0&?%&#=+"/8%+,#&'("%,#C(:%(*0&#*(%#"%*.36F%
>%*"#$0,(,&%(K+$*:(%#-%U6a%*:+8&010&?%=+8%#D8("C(/%-#"%&'(%$#48(%U6a%J.TFT%D#4,/%
&#% &'"((% /0--("(,&% *.36% :05+,/8% 3L@9D^j<jQ2% 3L@9D^*J.B% +,/% 3L@9D$Q^*J.Q@iA2TABF%
6#$*+"+&0C(%8&"41&4"+:%+,+:?808%#-%J.FTFT%0,%1#$*:(K%=0&'%+::%&'"((%*.368%8455(8&(/%
&'(% 1#,-#"$+&0#,+:% -0,(L&4,0,5% #-% U6a% 6)a% :##*8@iA2TABF%.#"(% 8*(10-01+::?2% /4"0,5% &'(%











#"% =0&'#4&% &'(% >i% U6a% "(C(+:(/% &'+&% &'(% *:+8&010&?% #-% &'(% U+K% *(*&0/(% *:+?(/% +,%
0$*#"&+,&% "#:(% 0,% &'(% #D8("C(/% 1"#88L"(+1&0C0&?% D(&=((,% &'(% &=#% *.368@@SF%
7,&("(8&0,5:?2% &'(% 1#,-#"$+&0#,% #-% &'(% *(*&0/(% 0,% &'(% >i% U6a^3b>L>@^U+K% 1#$*:(K%
*("-(1&:?% $0$01;(/% U(:B*% 0,% 1#$*:(K% =0&'% 3b>L>@% D(-#"(% U6a% (,5+5($(,&F% U'(8(%
"(84:&8%'05':05'&%&'(%805,0-01+,&%"#:(%#-%*(*&0/(%*:+8&010&?%0,%U6a%1"#88L"(+1&0C0&?2%='("(%
+:&(",+&0,5%*(*&0/(%1#,-#"$+&0#,8%1+,%*"#C0/(%+%80$0:+"%+,&05(,01%:+,/81+*(%-#"%+%50C(,%
U6aF%>//0&0#,+::?2% +% 80$0:+"% -#"$%#-%*:+8&010&?%=+8%+:8#% 8((,%+&% &'(%.36% :(C(:2% 0,% &'(%
-"+$(% #-% U6a% +::#"(1#5,0&0#,2% ='("(% 1"#88L"(1#5,0&0#,% #-% 8&"41&4"+::?% 80$0:+"%
*#:?$#"*'01%.368%1#4:/%D(%/("0C(/%&'"#45'%D#&'%8&"41&4"+:%+:&("+&0#,8%+,/%$#:(14:+"%
$0$01"?@MBF%




D+8(/% U6a% 1"#88L"(+1&0C0&?% 0,% &"+,8*:+,&+&0#,% +,/% +4&#0$$4,(% /08(+8(8% '+8% D((,%
/081488(/%(:8(='("(TTiLTTPF% !#"% (K+$*:(2% UL1(::8% 8*(10-01% -#"% -#"(05,%*(*&0/(8% 1+,% +:8#%





(K*"(88(/% 0,% &'(% +/"(,+:% $(/4::+% 1+::(/% /#*+$0,(% JL$#,#L#K?5(,+8(% W)J.XTRR2TRMF%
U'(% 8(f4(,1(% 0/(,&0&?% D(&=((,% &'(% 5*TT% (*0&#*(% W9>jyO!>U6X% +,/% &'(% $)J.%
(*0&#*(%W9>by)y>H7X%08%"(8&"01&(/%&#%#,:?%-#4"%"(80/4(8F%U'(%HBR%U6a%1+,%+:8#%"(1#5,0[(%
&'(%"+&%'#$#:#54(%#-%)J.%W")J.X2%='01'%'+8%+,%+//0&0#,+:%0/(,&01+:%"(80/4(%+&%3L@)D%
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2 GENERAL AIMS OF THIS THESIS 
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3 RESULTS AND DISCUSSION 
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